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The recent development of dissolution dynamic nuclear polarization (DNP) gives NMR the sensitivity to follow
metabolic processes in living systems with high temporal resolution. In this article, we apply dissolution DNP to
study the metabolism of hyperpolarized U-13C,2H7-glucose in living, perfused human breast cancer cells. Spectrally
selective pulses were used to maximize the signal of the main product, lactate, whilst preserving the glucose polar-
ization; in this way, both C1-lactate and C3-lactate could be observed with high temporal resolution. The production
of lactate by T47D breast cancer cells can be characterized by Michaelis–Menten-like kinetics, with Km=3.5 ± 1.5mM

and Vmax = 34± 4 fmol/cell/min. The high sensitivity of this method also allowed us to observe and quantify the gly-
colytic intermediates dihydroxyacetone phosphate and 3-phosphoglycerate. Even with the enhanced DNP signal,
many other glycolytic intermediates could not be detected directly. Nevertheless, by applying saturation transfer
methods, the glycolytic intermediates glucose-6-phosphate, fructose-6-phosphate, fructose-1,6-bisphosphate,
glyceraldehyde-3-phosphate, phosphoenolpyruvate and pyruvate could be observed indirectly. This method shows
great promise for the elucidation of the distinctive metabolism and metabolic control of cancer cells, suggesting
multiple ways whereby hyperpolarized U-13C,2H7-glucose NMR could aid in the diagnosis and characterization of
cancer in vivo. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Changes in the metabolism of glucose (Gluc) have long been
recognized as a distinctive feature of cancer. Malignant cells
are associated with both elevated rates of glycolysis as well as
a shift to anaerobic glycolysis, even under aerobic conditions –
a condition known as the Warburg effect (1–3). The study of this
aberrant metabolism is important to gain a better understanding
of malignant transformations (4), as well as to develop therapeu-
tic treatments that specifically target cancer cells, whilst showing
minimum toxicity in normal tissues (5). The value of imaging the
altered metabolism of cancer at a molecular level has been
demonstrated by the widespread use of 18 F-fluorodeoxyglucose
positron emission tomography scans in cancer imaging (6,7).
NMR techniques may also be particularly well suited for the
non-invasive detection and characterization of such metabolic
processes. The investigation of living systems – either perfused
cancer cells or animals with tumor models – using stable
isotopically labeled metabolites, is consequently a mainstream
approach to follow metabolism in preclinical studies (8–12).
The analysis of the NMR features thus observed allows the
activities of different enzymes to be defined, aids in the under-
standing of the metabolic regulation of cancer and characterizes
how this process is affected by therapeutic treatments (13–16).
These non-invasive molecular-level measurements are limited,
however, by the inherently low sensitivity of NMR to thesemarkers.
Specifically, reliance on very informative but spectroscopically
weak heteronuclei, such as 13C or 15N, challenges the real-time
nature of the studies. Moreover, even if willing to compromise by
relying on prolonged signal averaging times, it is often difficult to
detect intracellular glycolytic intermediates, whose concentrations
are usually much lower than those of the initial precursors or final
products. For these reasons, biochemical studies aimed at the

investigation of metabolism with high sensitivity and/or temporal
resolution generally rely on destructivemethods. In such instances,
cells are ‘pulsed’ with isotopically labeled substrates, lysed after a
short time, and the amounts of labeled products in the ensuing
extracts are measured by sensitive high-resolution NMR or mass
spectrometry methods (14,16–19).

The recent development of dissolution dynamic nuclear
polarization (DNP) promises to alleviate these constraints by
enhancing single-scan liquid-state 13C NMR signals by more than
10 000-fold (20). In order to achieve this enhanced liquid-state
NMR signal, nuclear polarization is generated in the solid state
by transferring electron polarization to the nuclei of a co-glassed
stable radical by microwave irradiation in a≥ 3.3-T magnetic field
at ~1–1.5 K (21). The sample is then rapidly melted and trans-
ferred to a detection magnet for the spectroscopic or imaging
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measurement. After melting of the sample, the hyperpolarized
nuclear spins will return to thermal equilibrium according to
their longitudinal relaxation time constants T1. Although this
process can be fast, suitable cases can be found in which the
targeted compounds manage to retain enhancements of several
orders of magnitude in their spin alignment, leading to
unprecedented sensitivities. The utility of this technique to
observe non-invasively molecular metabolism in living systems
has been explored and demonstrated in numerous recent
studies. The administration of hyperpolarized metabolites
with 13C enrichment at slow-relaxing nuclear sites – particu-
larly 1-13C-pyruvate (1-13C-Pyr) (22–24), 2-13C-fructose (25),
13C-bicarbonate (26) and 1-13C-lactate (1-13C-Lac) (27) – has
accordingly been used to characterize the altered metabolism
associated with glycolysis. The present work explores the potential
of DNP-enhancedmethods for the study of glycolysis by observing
directly themetabolism of hyperpolarized glucose (Gluc) in human
breast cancer cell cultures. Gluc is a potentially relevant
precursor for the identification of cancer metabolism; unlike the
aforementioned metabolites, however, Gluc does not contain a
non-protonated carbon group. The T1 value of its protonated
carbons is thus notoriously short [~1–2 s (28)] relative to the
timescale required by ex situ DNP NMR – limited by the melting,
transfer, injection and metabolic transformation of the target
molecule. To deal with this obstacle, we used perdeuteratedGluc, in-
creasing the T1 value of its carbon atoms by approximately 10 times.
The injection of hyperpolarized U-13C,2H7-Gluc into a cell
perfusion system (23) allowed us tomonitor themetabolic features
of living human breast cancer cells under controlled conditions
using serial 13C NMR acquisitions. The high sensitivity and scanning
rate afforded by the ensuing set-up revealed Gluc→ Lac
production in cancer cells with high temporal resolution, as well
as the direct observation of a number of glycolytic intermediates.
Saturation transfer (ST) NMR methods also allowed us to detect
indirectly glycolytic intermediates that were otherwise not
observed directly. The ensuing ability to non-invasively follow the
metabolism of Gluc in cancer cells, including the characterization
of ~10 enzymatic steps and glycolytic intermediates, promises to
become a valuable new tool to extract insights into the metabolic
control of Gluc metabolism in cancers.

MATERIALS AND METHODS

Cell culture

Studies were performed using T47D clone 11 human breast
cancer cells, kindly supplied by Professor I. Keydar (Tel-Aviv
University, Tel-Aviv, Israel). The cells were cultured in
RPMI-1640 medium supplemented with 10% fetal calf serum
(Biological Industries, Beit-Haemek, Israel), 2 mM L-glutamine
(CAS 56-89-5), 5 μg/L insulin and 0.1% combined antibiotics
(Bio-Lab, Jerusalem, Israel). Cells were used in low passages. To
implement the perfusion experiments, cells (>3 × 106) were
seeded on 0.5-mL Biosilon® polystyrene beads (160–300 μm;
Nunc, Kamstrup, Denmark) placed in glass silanized vials. The
vials were incubated for 3 h and periodically stirred every
30min before transfer to bacteriological dishes. Medium was
changed every second day as well as the day prior to the
experiment. After 5–7 days of culture, cells were gathered into
a 10-mm NMR test tube and connected to the perfusion system
as described below. In each experiment, 20–80 million cells
were observed in the coil volume.

Hyperpolarization

A 4M self-glassing solution of U-13C,2H7-D-Gluc (Cambridge Iso-
topes, Andover, MA, CAS 50-99-7) with 15mM of the stable
OX063 Trityl® radical (GE Healthcare Amersham, UK, CAS
213205-96-0) was prepared in D2O. An aliquot of this sample,
whose volume was tailored according to the desired final
concentration, was inserted into the 3.35-T cold bore magnet
of a Hypersense® dissolution DNP polarizer (Oxford Instruments,
Tubney Woods, Abingdon, Oxfordshire, UK) and irradiated at
~93.96 GHz at 1.5 K to execute the DNP enhancement based on
the solid effect (21). Solid-state 13C polarization was monitored
with low flip angle pulses during the course of the microwave
irradiation. A characteristic buildup time of 53 ± 4min was
observed (Fig. 1, inset). After approximately 60min of the DNP
pumping process, the sample was dissolved in 5mL phosphate
buffer saline solution (PBS) heated to 180 °C and pressurized to
10 bar, and flushed into the perfusion–injection system. Follow-
ing this dissolution and a transfer time of ca. 2 s to the detection
magnet, a signal enhancement of approximately 13 000 was
obtained, corresponding to polarization of ~13%. Twelve peaks
corresponding to the α and β anomers of Gluc’s six carbon sites were
observed in the resulting 13C NMR spectra (Fig. 1). The longitudinal
relaxation times (T1) of α-D-Gluc and β-D-Gluc were similar: C1, C2, C3,
C4 and C5 were all ~13.5 s and, for C6, ~10.1 s, as measured on a
10mM sample in PBS at ~35 °C.

Perfusion–injection system

The perfusion–injection system used in this work has been
described previously in detail (23). In brief, cells were perfused
with oxygenated medium in the NMR magnet at 36 ± 1 °C,
and an additional inlet line allowed rapid injection of
hyperpolarized solution. Two minutes prior to dissolution,
perfusion was stopped and cells were washed with 2mL of PBS
through the hyperpolarized inlet line. Within 10 s of dissolution,

Figure 1. Dissolution dynamic nuclear polarization (DNP) of
hyperpolarized U-13C,2H7-glucose. Inset: build up of the solid-state 13C
polarization of 4 M U-13C,2H7-glucose sample dissolved in D2O containing
15mM trityl radical when irradiated at 93.966GHz at 1.5 K. Main figure:
signal enhancement of ~13 000 times (~13% polarization) observed for
a 6.7mM solution of U-13C,2H7-glucose hyperpolarized after 45min of mi-
crowave irradiation (top trace, red) compared with a thermal equilibrium
NMR spectrum (bottom trace, black). Both traces were measured at
125.74MHz with 2H decoupling, the hyperpolarized spectrum by a single
scan with a 9° pulse, and the thermal equilibrium spectrum by 16 scans
acquired with 45° pulses and a 60-s relaxation delay to ensure full return
to thermal equilibrium.
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3mL of the hyperpolarized Gluc solution were manually injected
into the cells. As this was performed with the perfusion stopped,
there was no significant outflow of the metabolic products; the
dense bead layout of the system also implied that no discernible
turbulence accompanied the injection process. After each
dissolution, the hyperpolarized inlet line was washed with 1mL
of PBS.

NMR measurements

NMR spectra were recorded on an 11.7-T, 63-mm bore magnet.
Spectra were recorded using a Varian iNova® (Palo Alto, CA) spec-
trometer and a Bruker (Billerica, MA) 10-mm ‘Quattro-Nucleus’
(QNP®) probe. 31P spectra were recorded at 202MHz to monitor
cell viability. The cell number was determined by analysis of these
31P spectra, as it has been established that T47D cells contain 30
fmol nucleotide triphosphates (NTP)/cell (29) and therefore the cell
number can be estimated from 31P NMR as:

ncells ¼ NTP=Pið Þ� Pi½ �Medium

30fmol NTP=cell
�Vex [1]

The fact that the 31P and 13C observations share the same coil
volume and that the perfused system’s volume always exceeded
the coil region, allowed us to rely on these 31P NMR data to
further quantify the 13C DNP results on a per cell basis.

13C spectra were collected at 125MHz after injection of the
hyperpolarized Gluc solution. In order to preserve Gluc
polarization, selective sinc pulses were created that applied
90° nutations in the carbonyl (170–220 ppm) and/or methyl

(10–40 ppm) regions, whilst applying small flip angles (~1°)
on the Gluc spectral region (60–100 ppm). For the indirect
quantification of glycolytic intermediates, a train of selective
pulses was applied at the chemical shift of the intermediate
being sought before monitoring the C1- and/or C3-Lac spectra.
(The parameters of the selective pulses are specified in the
figure captions.) Chemical shift values of the intermediates
were obtained from the literature (10,30) or measured in our
laboratory (Table 1).

Kinetic model

A kinetic model for the quantification of the time-dependent
signals arising from the transformation of hyperpolarized Gluc
to Lac (Scheme 1) was developed. A complete derivation of the
equations used in these fits can be found in APPENDIX A. In brief,
on pulsing with a recycle time delay TR and with a low flip angle
αGluc on the Gluc peaks and with a 90° pulse on the carbonyl and
methyl peaks of Lac, the signals SGluc and SLac of hyperpolarized
Gluc and Lac will vary as:

SGluc tð Þ ¼ c�sin αGluc� Gluc½ �0�PGluc 0ð Þ�e�
t

T1;Gluc [2]

SLac t; TRð Þ ¼ c�νLac�PGluc 0ð Þ�e�
t

T1;Gluc � eΔρ�TR � 1
Δρ

� �
[3]

where PGluc(0) is the Gluc polarization at time zero, [Gluc]0 is its
initial concentration, T1 denotes the spin–lattice relaxation times,
Δρ ¼ 1

T1;Gluc
� 1

T1;Lac
, c is a spectrometer-dependent constant whose

value is unknown a priori, and νLac is the rate of Lac generation.

Table 1. 13C chemical shift values of relevant glycolytic metabolic intermediates. Each column indicates the glucose carbon from
which a particular intermediate resonance derives; (n) indicates the intermediate’s carbon numbering

Glycolytic
metabolite

Originating 13C Position in Glucose

1 2 3 4 5 6

αGluca 92.4 (1) 71.5 (2) 73.0 (3) 69.8 (4) 71.7 (5) 60.4 (6)
βGluca 96.2 (1) 74.4 (2) 76.0 (3) 69.8 (4) 75.9 (5) 60.5 (6)
αG6Pa 92.6 (1) 72.8 (2) 72.5 (3) 69.3 (4) 71.3 (5) 62.5 (6)
βG6Pa 96.5 (1) 74.5 (2) 75.4 (3) 69.3 (4) 75.6 (5) 62.6 (6)
αF6Pa 63.0 (1) 105.5 (2) 81.0 (3) 76.2 (4) 81.4 (5) 64.4 (6)
βF6Pa 62.7 (1) 102.6 (2) 75.7 (3) 74.6 (4) 80.8 (5) 64.8 (6)
αF16Pa 65.3 (1) 105.6 (2) 82.0 (3) 76.3 (4) 81.2 (5) 64.4 (6)
βF16Pa 65.9 (1) 102.0 (2) 76.0 (3) 74.3 (4) 79.6 (5) 64.8 (6)
DHAPb 65.4 (1) 212.6 (2) 67.7 (1) 67.7 (1) 212.6 (2) 65.4 (3)
GAP-Hydb 62.4 (1) 74.8 (2) 90.7 (1) 90.7 (1) 74.8 (2) 62.4 (3)
3PGc 66.6 (1) 74.0 (2) 179.5 (1) 179.5 (1) 74.0 (2) 66.6 (3)
2PGc 64.6 (1) 77.4 (2) 178.9 (1) 178.9 (1) 77.4 (2) 64.6 (3)
PEPa 100.3 (1) 149.2 (2) 170.8 (1) 170.8 (1) 149.2 (2) 100.3 (3)
Pyrb 26.5 (1) 205.4 (2) 169.3 (1) 169.3 (1) 205.4 (2) 26.5 (3)
Lacb 20.1 (1) 69.6 (2) 183.5 (1) 183.5 (1) 69.6 (2) 20.1 (3)

DHAP, dihydroxyacetone phosphate; F16P, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate;
Gluc, glucose; G6P, glucose-6-phosphate; Lac, lactate; PEP, phosphoenolpyruvate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate;
Pyr, pyruvate.
All chemical shifts measured on fully protonated compound are corrected by a factor of –0.36 ppm per C–2H bond.
aMeasured.
bFrom ref. (10).
cFrom ref. (30).
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Normalizing the Lac peak by the Gluc signal at every time
point yields:

RLac TRð Þ ¼ SLac t; TRð Þ
SGluc tð Þ ¼ νLac

sin αGluc� Gluc½ �0
� eΔρ�TR � 1

Δρ

� �
[4]

This measurement is therefore independent of the instrument
or degree of absolute Gluc initial polarization. A similar deriva-
tion can be performed for the signal of a hyperpolarized inter-
mediate at steady state in the metabolic transformation Gluc

→νLac Int→νLac Lac . To simplify this model, we assume T1
homogeneity (i.e. T1,Gluc = T1,Int = T1,Lac) and negligible values for
the rates of the back reaction. Then, νLac = f � kInt � [Int]SS, where
[Int]SS denotes the intermediate’s steady-state concentration
and the factor f= 1 for three-carbon intermediates and f= 2 for
six-carbon intermediates to account for the conversion of a
six-carbon precursor into two identical three-carbon products
(see APPENDIX B for a complete derivation of these relations).
The signal of a hyperpolarized intermediate selectively pulsed
at TR and normalized by SGluc(t) will then be:

RInt TRð Þ ¼ Int½ �SS
sin αGluc� Gluc½ �0

� 1� e
� νLac

f � Int½ �SS �TR
!
:

 
[5]

An important part of the measurements reported here concerns
the signal reduction of the Gluc-normalized Lac signal as a result of
pulsed saturation of a steady-state intermediate. This makes the
Lac peak a reporter on the intermediate’s concentration, leading
to a type of pulsed ST measurement. The Gluc-normalized Lac
signal on simultaneous intermediate pulsing will take the form
(see APPENDIX B for complete derivations):

RLac TRð Þ ¼ νLac:TR
sin αGluc Gluc½ �0

� Int½ �SS
sin αGluc Gluc½ �0

: 1� e
� νLac

f : Int½ �SS :TR
! 

[6]

It is also feasible and often convenient to pulse separately on the
intermediate being saturated and on the Lac acting as reporter, i.e.
to make TRInt≠ TRLac. In such instances, the Gluc-normalized Lac
signal will depend on both TRInt and TRLac as:

RLac TRLac; ; TRIntð Þ ¼ νLac�TRLac
sin αGluc Gluc½ �0

� TRLac
TRInt

� Int½ �SS
sin αGluc Gluc½ �0

� 1� e
� νLac

f � Int½ �SS �TRInt
! 

[7]

To improve the precision of such measurements, the ratio of
the Gluc-normalized Lac signal in the presence and absence of
intermediate pulsing can be derived:

QLac TRIntð Þ ¼ 1� Int½ �SS
TRInt�νLac � 1� e

� νLac
f � Int½ �SS�TRInt

! 
[8]

Data analysis

The spectra arising from the hyperpolarized metabolites were
obtained by Fourier transform of the time-domain signal – preceded
by zero filling to 10k points and exponential apodization with a
10–40-Hz Lorentzian lineshape – using custom-written routines
(Matlab®, TheMathworks Inc., Nantucket, OH, USA). The spectrawere
fitted by Lorentzian peaks using DMFIT [The ComBase Consortium
(31)], and the integrals of the fitted peaks were calculated to
implement the above-mentioned kinetic derivations. The noise
levels on the line intensities of the peaks were determined from
the standard deviation of the lineshape fits; these noise levels were
then propagated to derive the uncertainties on the reported flux
observables. The time course of the integrals was fitted to the kinetic
model described above using custom-written Matlab routines.

RESULTS

Insight into Lac production
13C spectra acquired approximately 25 s after the injection of
5mM of hyperpolarized U-13C,2H7-Gluc to perfused T47D cells
clearly reveal the production of labeled Lac by the appearance
of a doublet peak at 183.5 ppm (C1-Lac, Fig. 2a). To characterize
this conversion whilst preserving Gluc as a source of hyperpolar-
ization, as well as to improve our sensitivity to detect the fast-
relaxing C3-methyl group of Lac, the spectral separation between
all the intervening peaks was exploited by collecting spectra
using a shaped pulse that applied a low flip angle pulse (~1°)
in the Gluc region (60–100 ppm) and 90° pulses to Lac’s carbonyl
(160–220 ppm) and/or methyl (0–40 ppm) regions. The recycle
time delay for the carbonyl region was set at 3.6 s, whereas, for
the methyl region, TR was set at 1.2 s, in order to maximize
sensitivity for the respective T1 values, whilst maintaining high
temporal resolution [to account for the different Δρ.TR

Scheme 1. Fate of 13C atoms in the glycolytic pathway.

T. HARRIS ET AL.

wileyonlinelibrary.com/journal/nbm Copyright © 2013 John Wiley & Sons, Ltd. NMR Biomed. 2013; 26: 1831–1843

1834



Figure 2. Characterization of the metabolism of hyperpolarized U-13C,2H7-glucose in perfused T47D breast cancer cells. (a) 13C spectra acquired 25 s
after injection of 5mM hyperpolarized glucose into perfused T47D cells using a hard, broad-band 90° pulse; in addition to glucose peaks (60–100 ppm),
the C1-lactate peak is observed at 183.5 ppm. (b) Series of 13C spectra acquired after injection of 10mM hyperpolarized glucose into perfused T47D cells.
A shaped pulse was used applying a 90° excitation to the carbonyl region every 3.6 s, while the methyl region was pulsed with a 90° excitation every
1.2 s (shaded region; sum of three spectra shown). (c) Integrals of the C1-lactate (▲), C3-3PG (■) and C3-lactate (♦) signals plotted as a function of time
after the addition of hyperpolarized glucose. (d) As above, but after normalization by the glucose signal to correct for T1 relaxation (C1-lactate and C1-
3PG are corrected for C2–C5 glucose relaxation, whereas C3-lactate is corrected by C1 and C6 glucose relaxation). (e) Correlation between the lactate
production rates measured after the addition of 14mM hyperpolarized glucose by 13C NMR, and the γNTP/Pi ratio measured by 31P NMR. 31P spectra
were acquired with a 45° pulse every 1 s, using a 0.5-s data sampling time. These rates were calculated from spectra acquired over 52 s following
the injection of hyperpolarized glucose (see main text) with a selective pulse (sinc3, 65 ppm wide, centered at 188 ppm) applied at lactate’s C1
resonance with TR= 20 s. The ratio of the peaks was divided by 2.15 to account for γNTP’s shorter T1 (i.e. incompletely relaxed Pi peak), calculated
by comparison with a spectrum acquired with a long TR. The rate of lactate production for an initial glucose concentration of 14mM was found to
be 25 ±2 fmol/cell/min (R2 = 0.9886). Gluc, glucose; Lac, lactate; NTP, nucleotide triphosphates; 3PG, 3-phosphoglycerate; Pi, inorganic phosphate.
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dependences; cf. Equation [3]]. Figure 2b, c shows the evolution
of the Lac signal when followed in this manner, after the injec-
tion of 10mM hyperpolarized Gluc into the cell culture. It can
be seen that the relaxation-corrected hyperpolarized Lac signal
reaches the constant value predicted by Equation [4] only at
times longer than ~10 s after injection (Fig. 2d); the time lag
needed to reach this constant level may be partially attributable
to the time required for hyperpolarization to transfer through
the metabolic intermediate pools, as discussed in the section
on Indirect detection of ‘invisible’ intermediates.

Figure 2e shows that the rates of Lac production from Gluc
correlate well with the γNTP/Pi ratio, reflecting the absolute number
of cells involved. Using Equation [1], the per cell rate of Lac
production from Gluc can be calculated. In order to further charac-
terize this and other parameters of Gluc metabolism in T47D cells,
the rate of Lac production was measured as a function of different
initial Gluc concentrations. From this dependence (Fig. 3), it can be
seen that the Gluc→ Lac conversion process shows a saturation
curve with Michaelis–Menten-like kinetics, yielding Vmax=34±4
fmol/cell/min and Km=3.5±1.5mM (R2 = 0.9886).

Direct detection and characterization of non-Lac
intermediates

In addition to the Lac peaks at 20.8 and 183.5 ppm, injection
of hyperpolarized Gluc into T47D cells revealed peaks at
212.5 and 179.9 ppm. Literature comparisons against meta-
bolic chemical shifts suggest that these peaks should be
assigned to C2-dihydroxyacetone phosphate (C2-DHAP) and
C1-3-phosphoglycerate (C1-3PG), respectively. In order to
better quantify these intermediates, the pulsing rate of the
carbonyl region (160–220ppm) was varied for a series of
injections of 18mM hyperpolarized Gluc. Onmodeling the ensuing
212.5- and 179.9-ppm signal behavior with Equation [3] (Fig. 4),
concentrations of 0.31± 0.12 fmol/cell for DHAP and 0.18± 0.09
fmol/cell for 3PG were determined for this [Gluc]0 = 18mM case.

It is also worth noting that variation of the pulse rate on these
glycolytic intermediates not only affects the latter’s peak
intensities, but also the Lac peak intensity. This can be clearly
seen in the TR= 0.1 s case in Fig. 4a, where no Lac signal is
observed. This can be explained by the fact that this end-product
peak will only be observed if all of its precursors – starting from
Gluc and continuing through all the glycolytic intermediates –

remain hyperpolarized. It follows that, by modeling the decrease
in Lac intensity caused by simultaneous pulsing of an
intermediate [Equation [5]], the steady-state concentration of
an intermediate can be determined indirectly. This will only hold
true if the intermediate peak pulsed upon is transformed into a
specific Lac peak; hence, the signal of C1-Lac in Fig. 4 will reflect
the concentration of 3PG, but not that of DHAP, as C1-3PG is a
precursor of C1-Lac but C2-DHAP is not (see Scheme 1). Using this
relation, fits of the Lac peak observed on repeated pulsing in the
carbonyl (160–220 ppm) region yielded an indirect quantification
of the 3PG intermediate concentration of approximately
0.24 ± 0.06 fmol/cell (Fig. 4b, bottom plot). This value is similar
to that obtained from the direct observation of 3PG (0.18 ± 0.09
fmol/cell), validating the ability of this indirect method to
quantify an intermediate. It should be noted that this method
of indirect quantification is parallel to ST experiments of the kind
first proposed by Forsen and Hoffman (32).

Indirect detection of ‘invisible’ intermediates

Although the flux through all the intermediates of glycolysis is con-
stant, differences in the enzymatic conversion rates imply that not
all intermediates will reach the minimum concentration needed to
enable their observation – even by hyperpolarized NMR. Neverthe-
less, given that both the initial and final metabolites of the
glycolytic process (Gluc and Lac) are observable by DNP-enhanced
13C NMR, these ‘invisible’ intermediates may be detected indirectly
by rapidly pulsing – or even saturating – resonances correspond-
ing to these low-concentration glycolytic species. However, the
fast pulsing required to observe these low-concentration
intermediates will reduce the signal-to-noise ratio (SNR) of the
Lac signal. A valuable degree of freedom arising in such ST-type
experiments involves the choice of different recycling delays to
saturate the putative intermediate peak (TRInt) from those used
to observe the Lac peaks (TRLac). In this way, the intermediate
can be pulsed at the fast rates needed to significantly depolarize
the Lac signal, whereas the latter can be pulsed at a slower rate
compatible with a higher SNR (see APPENDIX B for further details).
The relationship between the Lac signal thus observed and the
intermediate’s nature is as summarized in Equation [7].
To control for variations between different injections in the Lac

signal, as well as to compensate for inadvertent fluctuations in the
polarization of Gluc arising from the saturation of the intermediate,

Figure 3. Rate of lactate production in T47D cells as a function of initial glucose concentration. The rates were calculated from spectra acquired 52 s
after the injection of hyperpolarized glucose as described in the main text, with a selective pulse (sinc3, 65 ppm wide, centered at 188 ppm) applied at
lactate’s C1 resonance with TR= 20 s after injecting varying concentrations of hyperpolarized glucose (R2 = 0.9788). Rates were found using Equation [4],
with T1 of C1-lactate set as 17 s and T1 of C3- and C4-glucose set at 13.5 s, as derived from ad hoc inversion recovery measurements. Fitting these data to
the Michaelis–Menten rate equation, νLac ¼ Vmax � Gluc½ �0

Kmþ Gluc½ �0 , yielded Km=3.5 ± 1.5mM and Vmax = 34± 4 fmol/cell/min (R2 = 0.9788).
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the Lac signal of a given experiment was evaluated in the presence
and absence of pulsing of an intermediate, following its normaliza-
tion by the Gluc resonance [Equation [8]]. The ability of this
approach to observe and quantify glycolytic intermediates is
demonstrated in Fig. 5. The top panel in this figure compares Lac’s
signal on pulsing in two different regions: 178.8–181.3ppm,
corresponding to the C1 atoms of 3PG and 2-phosphoglycerate
(2PG), and 175.5–178.0ppm, a region expected to be free from
any intermediates. The normalized, relaxation-corrected Lac signals
of tests carried out for TRInt = 100ms and TRLac=2.4 s (Fig. 5b) reveal
that, on pulsing at 178.8–181.3ppm, these signals decrease by
~70% compared with counterpart time points when intermediate
pulsing was stopped, whereas no significant effects are seen on
pulsing in the 175.5–178.0-ppm region.
Based on this validation, this indirectmethodwas used to explore

several other glycolytic intermediates. Using the known chemical
shifts of the glycolytic intermediates, regions of radiofrequency
pulsing were chosen that met the following criteria: (i) the interme-
diate’s peak was a precursor of either the C1- or C3-Lac site; and (ii)
the intermediate pulsing region did not overlap with its precursor
Gluc peaks. In all cases, TRLac for the C1 and/or C3 peak was set to
2.4 s, whereas TRInt for the region(s) in which the intermediate was
pulsed upon was varied to maximize the sensitivity to the interme-
diate’s concentration (by searching for the TRs that resulted in the
most significant reduction in the signal of Lac). The resulting QLac

values – describing the Gluc-normalized quotient of the Lac signal

with and without pulsing on the intermediates – are summarized
in Table 2. In the simplest case, where only one intermediate that
transforms to a given Lac site is pulsed upon, these will reflect
directly the intermediate’s concentration [Equation [8]]. A summary
of the ensuing Q-derived results revealed the following:

• Pulsing on the expected site of C3-Pyr (27.3 ppm) at TRInt = 40
and 100ms resulted in 44 ± 10% and 28± 6% reductions in
the C3-Lac signal, respectively.

• Pulsing on the hydrate peak of C1-glyceraldehyde-3-phosphate
(C1-GAP) (the stable form for this molecule in situ) at 91.1ppm
with TRInt =20ms resulted in a 23±5% signal reduction in C1-Lac.

• The peak of C3-phosphoenolpyruvate (C3-PEP) falls at 101.0ppm,
making it difficult to repetitively pulse this position without
affecting the polarization of its C1-β-Gluc precursor. However, as
C3-PEP originates fromC1 and C6 of Gluc, presaturation of C1-Gluc
enabled us to monitor the effect more precisely (although at the
cost of reducing by half the maximum SNR of the C3-Lac signal):
pulsing C1 of Gluc at TRInt = 20ms yielded a 68±4% signal
reduction in the remaining C3-Lac signal.

• When attempting to monitor glucose-6-phosphate (G6P), the
only peak that was sufficiently well resolved from Gluc was
C6-G6P – a precursor of C3-Lac. However, it was difficult to
selectively pulse this peak, as it is separated by less than
0.1 ppm from the C1 of fructose-6-phosphate (F6P), also a
precursor of C3-Lac. This problem was circumvented by

Figure 4. Characterization of the carbonyl region peaks observed on injection of hyperpolarized glucose. (a) Co-added 13C NMR spectra acquired
between 8 and 26 s after injection of 18mM hyperpolarized U-13C,2H7-glucose, collected for TR = 1.5, 0.6, 0.3 and 0.1 s. All spectra are normalized to
the C2–C5 glucose signals. A selective 90° pulse was applied in the 160–220-ppm range. (b) Fitting of the C2-DHAP (212.5 ppm) and C1-3PG
(179.9 ppm) hyperpolarized signals to Equation [5] and of the C1-lactate signal (183.5 ppm) to Equation [6] when pulsing on the a priori known 3PG
C1 position. For all fits, the rate of lactate production was fixed at 28.5 fmol/cell/min (the value indicated in Fig. 3 for [Gluc]0 = 18mM). Points in these
plots correspond to the intensities measured in the corresponding colored spectra, and lead to the indicated steady-state in vivo concentrations. DHAP,
dihydroxyacetone phosphate; Lac, lactate; 3PG, 3-phosphoglycerate.
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exploiting the fact that C6-G6P originates fromC6-Gluc, whereas
C1-F6P originates from C1-Gluc. In order to observe only G6P,
we presaturated C1-Gluc and pulsed the 63–64-ppm region at
TRInt = 50ms and 100ms, yielding 82±4% and 50±6%
reductions, respectively, in the remaining C3-Lac signal.

• Conversely, to selectively observe F6P, C6-Gluc in the 63–64-ppm
region was presaturated by pulsing at TRInt = 40ms, yielding a
60±6% reduction in the remaining C3-Lac signal.

For several glycolytic intermediates, selective pulsing on a sole
species is not possible because of extensive overlap. In such
cases, the reduction in the Lac signal can no longer be described
by Equation [8], and hence only qualitative conclusions can be
derived. Examples of such instances include:

• The C1 peaks of 3PG and 2PG are not well resolved; pulsing in
their region results in 65 ± 3% and 79± 3% signal reductions
of C1-Lac for TRInt = 100 and 50ms, respectively.

• Pulsing the overlapping C4 peaks of F6P and fructose-1,6-
bisphosphate (F16P), together with saturation of C3-Gluc at
TRInt = 100ms, resulted in a 92 ± 10% reduction in the
remaining C1-Lac signal.

• Another interesting application of this approach arises on
pulsing at the frequencies expected for the overlapping C3
peaks of αF6P and αF16P. At TRInt = 100ms, this resulted in a
47 ± 2% reduction in the C1-Lac signal, suggesting that αF6P
and/or αF16P are abundant in T47D cells.

It should also be noted that, in these pulsed ST experiments,
Lac’s signal recovery is not immediate after the pulsing on an
‘invisible’ intermediate stops. This lag time reflects the time re-
quired for repolarization of the intermediate pools to Gluc-dictated
polarization levels. This effect can be seen in Fig. 5a, which
shows that, 2.4 s after pulsing on the 3PG+2PG intermediate stops
(at a post-injection time of 14 s), the Lac signal has only recovered
by approximately 40%; by contrast, the 3PG peak exhibits full
recovery much sooner. Similar recovery delays in the Lac signal
can be seen for many other intermediates (Fig. 6a). An interesting
trend can be noted in the sequential order of the intermediates
along the glycolytic pathway, and the percentage of the Lac signal
observed after a given polarization recovery delay (Fig. 6b).

DISCUSSION AND CONCLUSIONS

This study explored the metabolism of Gluc in living T47D
human breast cancer cells using novel hyperpolarized 13C NMR
acquisition schemes. We have thus expanded the previous work
of Meier et al., who observed the metabolism of hyperpolarized
Gluc in yeast (33) and Escherichia coli cell suspensions (34,35),
to the study adherent mammalian cancer cells. We were able
to maximize the product signal whilst preserving the Gluc hyper-
polarization by exploiting the 13C T1 lengthening afforded by
extensive deuteration and the spectral separation between Gluc
and its products, and by applying various frequency-selective
excitation and saturation strategies. Only by combining the
unique molecular insights available from chemical shifts, the
non-invasiveness of in situ perfusion NMR, and the outstanding
sensitivity provided by ex situ DNP, could the kind of information
that has been described here become available.
From an NMR perspective, the pulsed ST methods described

here showed great promise in improving the sensitivity of MR
measurements to reaction intermediates whose concentrations
are too low for direct detection - even after dissolution DNP. In
addition to the four orders of magnitude improvement in
sensitivity provided by the hyperpolarization, the ST experiments
furnish an additional signal sensitivity, as only newly formed
end-products are observed. These experiments are still sensitive
to the sources of error present in thermal NMR ST, i.e. incomplete
depletion of the intermediate, inadvertent depletion of the
product, reactant or other intermediates that are not meant to
be addressed, etc. However, the weight of these different

Figure 5. Indirect detection of glycolytic intermediates by observation of a
concomitant decrease in the lactate signal. (a) Time evolution of the C1-lactate
NMR signal (normalized for T1 relaxation) after injection of 10mM

hyperpolarized U-13C,2H7-glucose and pulsing at TRInt = 100ms in the range
178.2–181.0ppm (left column) and 174.2–177.0ppm (right column). In both
instances, 17.3-ms-long sinc pulses were used, and the saturation range is
defined as the region for which Bloch-based simulations show a >80%
excitation of the spin polarization. After 11.6 s, pulsing was stopped and the
recovery of the lactate signal was observed. (b) Lactate’s normalized, relaxa-
tion-corrected C1 signal intensity as a function of time after injection of
hyperpolarized glucose. Note that there is a certain time lag in both the
buildup of hyperpolarized lactate when the intermediate is not pulsed upon
(gray circles), as well as in the lactate saturation when implementing pulsing
on an intermediate’s peak (black squares). Both of these presumably reflect
the finite turnover rates of the glucose→ intermediate→ lactate metabolic
process. Because of this, the RLac andQLac values (e.g. Table 2) were calculated
using as reference the last spectral sets acquired before the intermediate’s
pulsing was stopped (in this case, data points at 11.6 s after the glucose
injection). 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate.
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sources of errors is different in hyperpolarized than in thermal ST
NMR. Inadvertent saturation of the product site, for example,
should be less critical in hyperpolarized ST NMR, as the dynamic
range of these experiments is wider (one is not relying on a small
change sitting on top of a large peak, but rather on the
appearance/disappearance of a newly formed product). More-
over, hyperpolarized ST should be more sensitive to inadvertent
saturation of reactant sites, as T1 will not restore their polariza-
tion, and hence this artifact will be cumulative throughout the
ST experiments. To control for this oversensitivity to inadvertent
Gluc depolarization, we normalized the Lac signal observed
during the ST pulsing by the Lac signal observed after the
intermediate’s pulsing is stopped, which will be concomitantly
reduced in the event of Gluc depolarization.
The high temporal resolution of hyperpolarized NMR metabolic

measurements enabled the non-invasive determination of the ini-
tial glycolytic rates reported in this study. These results can be
compared with previous studies of Gluc metabolism, including ki-
netic measurements on the metabolism in T47D cells carried out
non-invasively by thermal 13C NMR with a temporal resolution of
approximately 20min (29). The Km value arising from these thermal
equilibrium experiments was similar (2.3± 1.0mM) to that ob-
served in our studies (3.5± 1.5mM). The Vmax of Lac production
obtained (34±4 fmol/cell/min) is in reasonable accord with rates
of Gluc consumption observed in earlier thermal NMR studies, as-
suming a Gluc→2Lac process (12.6± 1.2 fmol/cell/min); it is, how-
ever, approximately twice that reported for Lac synthesis
(15.8± 0.9 fmol/cell/min). This discrepancy may reflect the fact
that, although dissolution DNP measures initial rates of Lac pro-
duction, ‘slower’ experiments also factor in the subsequent conver-
sion of Lac to other metabolic products, resulting in an apparent
reduction in the former’s production rate.
The concentrations of intracellular intermediates observed

here are of the same magnitude as those observed previously
in MCF-7 breast cancer (36) and colon cancer (37) cells. In those
studies, low-concentration intermediates were detected in cell
extracts, where the living state of the cells was quenched. The
rapid turnover rates of all enzymatic processes – as seen by the
present work – emphasize the importance of measuring such
metabolites in living systems. The ability to measure the time
delay between turning off intermediate pulsing and complete
recovery of the Lac signal also gives unprecedented temporal
sensitivity to metabolic processes in living systems, of the kind
heretofore achieved only ex vivo (38). By probing metabolic rate
information, the DNP NMR ‘clock’ may find the answers to
diverse important biological questions, including the reversibility
of enzymatic reactions and metabolic compartmentalization.
Further investigations of this kind may also shed light on our
assumption of negligible reverse rates for the hyperpolarized
markers along the glycolytic pathway.
Since Otto Warburg noted the increased rates of glycolysis in

cancer nearly a century ago (1), there has been much speculation
as to why cancer would switch from oxidative phosphorylation
to energetically inefficient glycolysis (39,40). In recent years, a
new hypothesis has emerged, suggesting that cancers favor
increased rates of glycolysis as many of the ensuing intermedi-
ates can be diverted to produce the array of small molecules
necessary for rapid cell proliferation (41–43). This theory
suggests that, not only the glycolytic flux, but also the
concentration and kinetics of the intermediate metabolites, are
important features of the cancer metabolic phenotype. The un-
precedented ability afforded by ex situ DNP, in combination with

Figure 6. Response of lactate hyperpolarized signal to repetitive pulsing on
selected glycolytic intermediates. (a) Relaxation-corrected, glucose-normal-
ized lactate signal detected after injection of 10mM hyperpolarized
U-13C,2H7-glucose, during (shaded areas) and after pulsing on a putative inter-
mediate’s region targeting the indicated resonances. When more than one
species is indicated, it means that spectral overlap did not enable the resolu-
tion of the specified intermediate’s peaks. Indicated in each plot is the TR at
which the intermediate was pulsed upon with 90° sinc3 pulses, as described
in Table 2. (b) Percentage of lactate polarization recovered 2.4 s after the inter-
mediate’s pulsing was stopped, plotted in the sequential order of the glyco-
lytic pathway. Diamonds denote intermediates that were not measured or
for which the measurement’s uncertainty exceeded the confidence interval.
DHAP, dihydroxyacetone phosphate; F16P, fructose-1,6-bisphosphate; F6P,
fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate; G6P, glucose-6-
phosphate; PEP, phosphoenolpyruvate; 2PG, 2-phosphoglycerate; 3PG, 3-
phosphoglycerate; 13PG, 1,3-phosphoglycerate; Pyr, pyruvate.
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ST methods of the kind discussed here, shows great promise for the
measurement of glycolytic intermediates in living cells. Using
perdeuterated 13C-enriched Gluc as a biomarker, we have shown
that the dissolution DNP setting can detect not only the rate of
Lac production, but also several other glycolytic intermediates that
could act as practical biomarkers of cancer glycolysis. In effect, sev-
eral studies have shown that, in tumors, the concentrations of glyco-
lytic intermediates as measured ex vivo, change in response to
therapeutic treatments (44,45). If further applied in vivo, this could
provide important additional information in the diagnosis and treat-
ment of cancer. Moreover, following Gluc’s fate by hyperpolarized
shift-resolved spectroscopic imaging may have advantages over
18 F-fluorodeoxyglucose positron emission tomography. As Gluc is
metabolically active, such a form of imaging will report on the fate
of a metabolic process that is actually active under in vivo natural
conditions. This could also be relevant for research in other areas in-
volving high physiological Gluc uptake, including areas of inflamma-
tion and functional studies in the brain. Work in progress includes
the use of the perfusion–injection system with gradients to better
quantify ‘invisible’ intermediates and to characterize changes in re-
sponse to environment or therapeutic treatments, and the
application of hyperpolarized U-13C,2H7-Gluc to animal cancer
models to characterize the efficacy of Lac’s production for the detec-
tion of cancer.
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APPENDIX A: EXTRACTION OF METABOLIC RATES FROM
SELECTIVELY PULSED HYPERPOLARIZED EXPERIMENTS

For a Gluc→ν Lac kinetic process generating Lac at a rate vLac = 2 �
kGluc � [Gluc], the correspondingMZmagnetizations of these two spe-
cies can bewritten as follows (if we assume that the concentration of
Gluc does not change during the experiment):

dMZ;Gluc tð Þ
dt

¼ d PGluc tð Þ� Gluc½ �0
� �

dt

¼ � 1
T1;Gluc

�PGluc tð Þ� Gluc½ �0 (A1a)

dMZ;Lac tð Þ
dt

¼ vLac�PGluc tð Þ � 1
T1;Lac

�dMZ;Lac tð Þ (A1b)

where PGluc(t) is the Gluc polarization as a function of time and
[Gluc]0 is the initial concentration. Solving these equations for
the magnetization of the two species yields:

MZ;Gluc tð Þ ¼ Gluc½ �0�PGluc 0ð Þ�e�
t

T1;Gluc (A1c)

MZ;Lac tð Þ ¼ νLac�PGluc 0ð Þ� e
� t

T1;Lac � e
� t

T1;Gluc

1
T1;Gluc

� 1
T1;Lac

 !
: (A1d)

If we define Δρ ¼ 1
T1;Gluc

� 1
T1;Lac

, the Z-magnetization Lac can be

simplified to:

MZ;Lac tð Þ ¼ νLac�PGluc 0ð Þ�e�
t

T1;Gluc � eΔρ�t � 1
Δρ

� �
(A1e)

On application of a polychromatic pulse at time t that
imparts a 90° nutation to Lac’s magnetization and a small
tip angle α to the Gluc spins, the signal S observed for each
compound will be given by:

SGluc tð Þ ¼ c�sinαGluc� Gluc½ �0�PGluc 0ð Þ�e�
t

T1;Gluc (A2a)

SLac tð Þ ¼ c�νLac�PGluc 0ð Þ�e�
t

T1;Gluc � eΔρ�t � 1
Δρ

� �
(A2b)

where c is a spectrometer-dependent constant. The polychro-
matic pulses eliciting these signals will be applied at constant
repetition time TR; therefore, every time that signals are
observed at times t= n · TR (n = 1,2,…), the Lac magnetization
will return to zero, whereas Gluc’s magnetization will remain
relatively unaffected. This implies that the Lac signal
measured at time t will also depend on TR as:

SLac t; TRð Þ ¼ c�νLac�PGluc 0ð Þ�e�
t

T1;Gluc � eΔρ�TR � 1
Δρ

� �
(A:2c)

which is Equation [3]. The uncertain variables c and PGluc(0)
can be avoided by normalizing the Lac signal by the Gluc
signal at every time point t:

RLac TRð Þ ¼ SLac t; TRð Þ
SGluc tð Þ ¼ νLac

sin αGluc� Gluc½ �0
� eΔρ�TR � 1

Δρ

� �
(A:3a)

which is Equation [4]. In the case that Δρ�TR<< 1, this
equation can be further simplified:

RLac TRð Þ ¼ SLac t; TRð Þ
SGluc tð Þ ¼ νLac�TR

sin αGluc� Gluc½ �0
(A:3b)

APPENDIX B: QUANTIFICATIONOF INTERMEDIATES BY PULSED
SATURATION TRANSFER IN HYPERPOLARIZED NMR

To model the effects of saturating an intermediate’s magnetization
and observing its consequences on a Lac signal originating from
hyperpolarized Gluc, we simplify the model in APPENDIX A by
adding two assumptions: (i) that T1,Gluc = T1,Int = T1,Lac = T1, i.e. that
all carbonyls relax in the cells at approximately the same rates; and
(ii) that the rate of the reverse processes in hyperpolarized-detected
experiments is negligible and hence νLac = f � kInt � [Int]SS, where the
factor f=1 for three-carbon intermediates and f=2 for six-carbon
intermediates to account for the conversion of a six-carbon
precursor into two identical three-carbon products, and [Int]SS is
the intermediate’s steady-state concentration. With these assump-
tions, the magnetization of an intermediate involved in glycolysis
metabolism can be modeled as:
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dMZ;Int tð Þ
dt

¼ kInt� Int½ �SS�PGluc tð Þ � kInt�MZ;Int tð Þ
� 1
T1

�MZ;Int tð Þ (B:1a)

Solving this equation yields an intermediate’s Z-magnetization:

MZ;Int tð Þ ¼ Int½ �SS�PGluc 0ð Þ�e� t
T1 � 1� e�kInt�t� �

(B:1b)

The variables [Int]SS and kInt are interrelated, and the above
equation can also be written as:

MZ;Int tð Þ ¼ Int½ �SS�PGluc 0ð Þ�e� t
T1 � 1� e

� νLac
f � Int½ �SS�t

! 
(B:1c)

In the case of a polychromatic pulse that applies a 90°
nutation on the intermediate and a low flip angle α nutation
on Gluc every TR, the intermediate signal will thus be:

SInt t; TRð Þ ¼ c� Int½ �SS�PGluc 0ð Þ�e� t
T1 � 1� e�

νLac
f � Int½ �SS�TR

� �
(B2)

On normalization by the Gluc signal at every time point, this
intermediate signal ratio becomes:

RInt TRð Þ ¼ Int½ �SS
sin αGluc� Gluc½ �0

� 1� e�
νLac

f � Int½ �SS �TR
� �

(B3)

which is Equation [6].
Pulsing on an intermediate’s signal will also affect the ob-

served Lac magnetization, and therefore its observable signal.
This leads to the saturation transfer effects described in the arti-
cle, which can be modeled as:

dMZ;Lac tð Þ
dt

¼ vLac� 1
f

� �
�PInt tð Þ þ vLac� 1� 1

f

� �
�PGluc tð Þ

� 1
T1

�MZ;Lac tð Þ
(B:4a)

Solving this equation yields:

MZ;Lac tð Þ ¼ νLac�PGluc 0ð Þ�t�e� t
T1

� Int½ �SS�PGluc 0ð Þ�e� t
T1 � 1� e�

νLac
f � Int½ �SS �t

� �
(B4b)

Applying now a polychromatic pulse that imparts a 90°
nutation on both the intermediate (to saturate it) and on Lac
(to detect the effects of the saturation), and a low flip angle α
nutation on Gluc at time t, leads to a Lac signal:

SLac tð Þ ¼ c�νLac�PGluc 0ð Þ�t�e� t
T1

� Int½ �SS�PGluc 0ð Þ�e� t
T1 � 1� e�

νLac
f � Int½ �SS�t

� �
(B5)

Normalizing this by the Gluc signal at every time point yields
the ratio:

RLac TRð Þ ¼ νLac�TR
sin αGluc Gluc½ �0

� Int½ �SS
sin αGluc Gluc½ �0

� 1� e�
νLac

f � Int½ �SS�TR
� �

(B6)

which is Equation [6].
A valuable additional degree of freedom in these saturation trans-

fer-type experiments arises by choosing different recycling delays to
saturate the putative intermediate peak (TRInt) from those used to
measure the observable Lac peaks (TRLac). In this case, the interme-
diate’s polarization is no longer a continuous function. It can be
shown, however, that the observed Lac signal will be given by:

SLac t; TRLac; ; TRIntð Þ ¼ c�νLac�PGluc 0ð Þ�TRLac�e�
t
T1

� TRLac
TRInt

� Int½ �SS�PGluc 0ð Þ�e� t
T1 � 1� e�

νLac
f � Int½ �SS�TRInt

� �
(B7)

which simplifies to Equation [B5] in the case TRInt = TRLac. Dividing
this signal by the Gluc peak observed at TRLac yields the ratio:

RLac TRLac; ; TRIntð Þ ¼ νLac�TRLac
sin αGluc Gluc½ �0

� TRLac
TRInt

� Int½ �SS
sin αGluc Gluc½ �0

� 1� e�
νLac

f � Int½ �SS�TRInt
� �

(B8)

which corresponds to Equation [7]. To decrease errors arising
from the comparison of different experiments, we define a
ratio Q between the Gluc-normalized Lac signal in the
presence and absence of intermediate pulsing, which will only
depend on TRInt:

QLac TRIntð Þ ¼ 1� Int½ �SS
TRInt�νLac � 1� e�

νLac
f � Int½ �SS�TRInt

� �
(B9)
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