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Elevated production of lactate is a key characteristic of aberrant tumour cell metabo-

lism and can be non-invasively measured as an early marker of tumour response using

deuterium (2H) MRS. Following treatment, changes in the 2H-labelled lactate signal

could identify tumour cell death or impaired metabolic function, which precede mor-

phological changes conventionally used to assess tumour response. In this work, the

association between apoptotic cell death, extracellular lactate concentration, and early

treatment-induced changes in the 2H-labelled lactate signal was established in an

in vitro tumour model. Experiments were conducted at 7 T on acute myeloid leukae-

mia (AML) cells, which had been treated with 10 μg/mL of the chemotherapeutic agent

cisplatin. At 24 and 48 h after cisplatin treatment the cells were supplied with 20 mM

of [6,60-2H2]glucose and scanned over 2 h using a two-dimensional 2H MR spectro-

scopic imaging sequence. The resulting signals from 2H-labelled glucose, lactate, and

water were quantified using a spectral fitting algorithm implemented on the Oxford

Spectroscopy Analysis MATLAB toolbox. After scanning, the cells were processed for

histological stains (terminal deoxynucleotidyl transferase UTP nick end labelling and

haematoxylin and eosin) to assess apoptotic area fraction and cell morphology respec-

tively, while a colorimetric assay was used to measure extracellular lactate concentra-

tions in the supernatant. Significantly lower levels of 2H-labelled lactate were

observed in the 48 h treated cells compared with the untreated and 24 h treated cells,

and these changes were significantly correlated with an increase in apoptotic fraction

and a decrease in extracellular lactate. By establishing the biological processes associ-

ated with treatment-induced changes in the 2H-labelled lactate signal, these findings

suggest that 2HMRS of lactate may be valuable in evaluating early tumour response.
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1 | INTRODUCTION

Imaging plays a growing role in the non-invasive assessment of tumour response to treatment. For most solid tumours, the accepted clinical stan-

dard for response evaluation is based on the measurement of lesion size using computed tomography (CT) and MRI.1,2 However, morphological

changes may not occur until several weeks to months after treatment and do not always accurately reflect tumour progression or regression, ren-

dering it difficult to assess early tumour response.3,4 Imaging techniques that can detect early-stage markers of tumour response are therefore of

great interest for optimizing subsequent therapy and reducing the burden of ineffective or unnecessary treatments.5

A potential early-stage imaging marker of treatment response is lactate.6–8 In contrast to normal cells, tumour cells exhibit aberrant metabo-

lism characterized by an increase in glycolysis regardless of aerobic conditions (known as the Warburg effect),9 resulting in elevated lactate con-

centrations as high as 30 mM in multiple tumour types.8 Following treatment, changes in lactate levels can provide insight into biological

processes associated with response that precede gross changes in tumour size, including tumour cell death or impairment of metabolic function.10

Recently, deuterium (2H) MRS was introduced as a potential clinical tool for imaging metabolism in vivo following the non-invasive adminis-

tration of deuterated substrates such as glucose.11–13 Compared with fluorine-18 fluorodeoxyglucose (18F-FDG) positron emission tomography

(PET), 2H MRS can be performed on the same system as anatomical MRI scans, is non-radioactive, and informs on metabolism beyond glucose

uptake. Given 2H's low natural abundance (0.0115% of all naturally occurring hydrogen found on Earth), 2H NMR spectra are minimally contami-

nated by background lipid and macromolecule signals. The predominant baseline water peak—before the administration of a 2H-labelled

substrate—can be used as an internal concentration reference. Moreover, the short T1 relaxation times of 2H provide increased SNR through sig-

nal averaging. The short T2 relaxation time results in intrinsically broader NMR signals relative to 1H, but this does not greatly impact the resulting

spectral quality, as the 2H NMR spectra derived from deuterated substrates contain only a few metabolite peaks.11–13 By detecting downstream
2H-labelled metabolites such as lactate, 2H MRS has been shown to differentiate between normal and glioblastoma tissue in humans12 and detect

treatment response 48 h after chemotherapy in murine tumour models.13 These findings demonstrate that changes in 2H-labelled lactate may be

valuable as an indicator of early tumour response, but the biological processes associated with this marker have not yet been established.

In this work, in vitro experiments were performed using 2H MRS to assess any correlations between 2H-MRS measures of lactate signal, extra-

cellular lactate concentrations, and apoptotic cell death following chemotherapy. We show for the first time that significant decreases in the 2H-

lactate signal observed 48 h after treatment were associated with histologically confirmed apoptotic cell death and decreased extracellular lactate.

2 | METHODS

2.1 | Cell preparation

The experimental workflow is summarized in Figure 1. The acute myeloid leukaemia 5 (AML-5) cell line was chosen for this in vitro study because

of the well documented apoptotic nature of its response to cisplatin.14–18 AML cells were grown in suspension in 12 flasks containing 150 mL

alpha minimum essential medium (Invitrogen Canada, Burlington, Canada), with 5% foetal bovine serum (Fisher Scientific, Ottawa, Canada), and

1% penicillin and streptomycin (Invitrogen Canada). Flasks were maintained at 37 �C and 5% CO2 until they reached confluence (�106 cells/mL).

To induce apoptosis, cells in each of the flasks were treated with 10 μg/mL cisplatin 24 or 48 h prior to imaging. A single sample was prepared by

combining four flask volumes (�6 � 108 cells total), which were centrifuged at 3000 rpm for 15 min at 4 �C using a fixed angle centrifuge

(Beckman Coulter, Brea, CA). After removal of excess supernatant, the pellet was resuspended in phosphate-buffered saline (PBS) and centrifuged

at 2400 g for 10 min at 4 �C using a swinging bucket centrifuge (Thermo Electron, Asheville, NC). PBS was used to resuspend the pellet into an

MR-compatible glass tube with a final volume of 600 μL. Each experiment utilized three samples. 10 min prior to the 2H scan, 100 μL of 140mM

[6,60-2H2]glucose solution (Cambridge Isotope Laboratories, Tewksbury, MA) was added to each tube for a final 2H-labelled glucose concentration

F IGURE 1 Schematic experimental timeline for the untreated and cisplatin-treated cells
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of 20 mM (and final volume 700 μL) and mixed into the cell suspension with a micropipette. The experiment was repeated twice to determine

reproducibility, and was performed with untreated samples and samples treated with cisplatin 24 and 48 h prior to scanning.

2.2 | 2H MRS data acquisition

MR experiments were performed at 7 T (Bruker BioSpec 70/30 USR, Billerica, MA, USA). A home-built transmit/receive surface coil (46.1 MHz,

diameter 20 mm) was used to acquire the 2H signal. The coil included a proton blocking trap circuit to prevent the induction of currents on the 2H

coil by the 1H body coil in the scanner. Three MR-compatible glass tubes (6 mm diameter � 50 mm length) containing the cell samples were

placed side by side adjacent to the centre of the surface coil, as illustrated in Figure 2A. Magnetic field homogeneity was optimized by acquiring a

B0 field map and applying a second order shim using a shim box of volume 2 � 2 � 2 cm3 placed manually to cover the extent of the tubes. 2H

excitation was achieved with a 90� rectangular RF pulse followed by 2D phase-encoding gradients. The flip angle was calibrated using separate

phantom scans prior to in vitro scans. 2D 2H MRS images were acquired at an in-plane resolution of 10 � 3 mm2 and temporal resolution of 2 min

(FOV = 8 � 3 cm2, spectral width 3 kHz, 768 spectral points, flip angle = 90�, TR = 300 ms, TE = 0.551 ms, 300 averages). The rectangular voxels

were chosen to match the length of the cell sample tubes. A single 2H MRS image was first acquired to measure baseline metabolism before the

cell samples were removed from the scanner and injected with deuterated glucose. Following the addition of glucose, the cell sample tubes were

placed back onto the coil and reshimmed. 10 min after the injection of glucose, dynamic 2H MRS images were acquired over 120 min. Proton T1-

weighted GRE images at an in-plane resolution of 0.03125 � 0.03125 cm2 (FOV = 8 � 8 cm2, TR = 60 ms, TE = 2 ms) were acquired with the 1H

volume coil.

2.3 | 2H MR data analysis

The spectrum for each sample tube was chosen from the voxel in the most sensitive region of the surface coil with the highest SNR. Apodization

of the raw data was achieved with a 5 Hz window function in the time domain and performing a Fourier transform. The spectra were then zero-

order phase-corrected. Spectra were averaged from every 12 min of data acquisition (corresponding to 30 images) to maximize SNR. Spectral

fitting was performed using the Advanced Method for Accurate, Robust and Efficient Spectral Fitting (AMARES) algorithm implemented in the

Oxford Spectroscopy Analysis (OXSA) MATLAB toolbox.19 The fitting model is constrained by prior knowledge including the relative chemical

shifts (bounded by ±0.2 ppm) and linewidths. A single Lorentzian line shape was fitted to each metabolite, as there was no evidence of multiple

F IGURE 2 A, Experimental setup consisting of three AML sample tubes lying on top of the 2H surface coil (blue circle), with overlaid 2D
matrix. B, Representative single voxel 2H spectra for the untreated and cisplatin-treated samples 2 h after injection of [6,60-2H2]glucose. Spectra
are averaged over 12 min of acquisition. C, Time course of 2H-labelled glucose, lactate, lactate/glucose, and water concentrations 10 min after
injection of [6,60-2H2]glucose. Error bars are the standard deviations across six samples. Asterisks indicate statistically significant differences
between the 48 h treated and untreated samples, and between the 48 h and 24 h treated samples (p < 0.05)
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peaks with the linewidths observed. Metabolite signals were quantified by area integration of the peaks,19 which included 2H-labelled glucose

(3.7 ppm), glutamate and glutamine (Glx, 2.4 ppm), lactate (1.4 ppm), and water (4.7 ppm). The fitting was bound between ±0.1 ppm. These chemi-

cal shifts were taken from literature11–13 and verified from our spectral fitting. For display, 2H MRS maps were resampled and overlaid onto the

corresponding proton T1-weighted image.

Signals were corrected by a factor that accounted for partial signal saturation, given by

S0 ¼ S

1�exp �TR
T1

� �� �
sin θ= 1�cos θ exp �TR

T1

� �� �

where S and S0 are the signal before and after correction, respectively, TR is the repetition time [ms], T1 is the longitudinal relaxation [ms], θ is the

prescribed flip angle [rad], and TE is the echo time [ms]. The T1 values of
2H-labelled metabolites were based on in vivo values from literature mea-

sured at 7 T (Reference 12): 64 ms (glucose), 146 ms (Glx), 297 ms (lactate), and 320 ms (water). Concentrations of labelled glucose and lactate

were quantified by normalizing the integrals of the fitted peaks to that of the baseline water signal, which has a natural 2H abundance of

12.8 mM. This value is based on the 55.5 M concentration of water, the two protons of the water molecule, and 0.0115% natural abundance of
2H. As described by de Feyter et al,12 the absolute concentrations of glucose, Glx, lactate, and water were determined by normalizing to the aver-

age number of deuterons per molecule (glucose 2, Glx 1.33, lactate 3, water 2). Tukey's post hoc test was used to determine statistically signifi-

cant differences (p < 0.05) in metabolite concentrations between the untreated and cisplatin-treated samples at each time point (12, 24, 36, 48,

60, 72, 84, 96, 108, 120 min) following glucose injection. Statistical calculations were performed with R (v4.0.3: R Core Team [2020], Vienna,

Austria).

2.4 | In vitro assays

2H MRS data were compared with cell sample histology and lactate assay measurements. Immediately following 2H MRS, three samples from each

treatment category (untreated, 24 h treated, and 48 h treated) were transferred into 1.5 mL Eppendorf tubes and centrifuged at 2400 g for

10 min. 300 μL of supernatant was extracted from each tube and stored at �80 �C for at least 48 h for lactate assays. To prepare samples for his-

tology, pellets were fixed in 10% formalin for at least 96 h. The pellets were embedded in 3% agarose gel and stained with terminal

deoxynucleotidyl transferase UTP nick end labelling (TUNEL) and H&E to assess apoptotic area and cell morphology, respectively (University

Health Network Pathology Research Program, Toronto, Canada). Slides were examined under a light microscope (�10 and �200 magnification).

ImageJ220 was used to measure the percent area of TUNEL positive (TUNEL+) staining in three fields of view of each slide.

The supernatant lactate concentration was measured using a lactate colorimetric assay kit (K607, BioVision, Milpitas, CA) according to the

manufacturer's instructions. For sample preparation, 0.8 μL of the supernatant was added per well. Tukey's post hoc test was used to determine

statistically significant differences (p < 0.05) between the untreated and cisplatin-treated samples for 2H-labelled lactate concentrations at the last

MRI time point (120 min), and corresponding TUNEL+ staining and supernatant lactate concentrations.

3 | RESULTS

The 2H spectra acquired 2 h after the injection of [6,60-2H2]glucose in the untreated and cisplatin-treated samples are presented in Figure 2B. The

spectra were averaged from a 12 min window. Shimming resulted in a linewidth of 15 to 20 Hz (0.050 to 0.070 ppm). The spectra were well

described by the fitted spectral model, as indicated by the output Cramér-Rao lower bounds, which measure the uncertainty in the fit.19 Signals

were observed from deuterated water (4.7 ppm), the injected glucose (3.7 ppm), and downstream lactate (1.4 ppm). No Glx was detected in either

the cisplatin-treated or untreated groups. Figure 2C shows the concentration of deuterated water and the 2H-labelled metabolites over 2 h,

10 min after 2H-glucose administration, averaged across six samples. The 48 h treated sample exhibited reduced glucose metabolism, as indicated

by steady concentrations of glucose and lactate over time. In contrast, glucose levels decreased while lactate levels increased over the 2 h time

course of the 24 h treated and untreated samples. Across six samples, a significantly lower lactate concentration was detected at all time points

beyond 12 min (up to 120 min) after glucose administration in the 48 h treated cells compared with the untreated (p < 0.05) and with the 24 h

treated cells (p < 0.05). Similar trends were observed in the time course of lactate/glucose ratios, where the ratios were significantly lower in the

48 h treated cells compared with the untreated (p < 0.05) and with the 24 h treated cells (p < 0.05) at all time points beyond 12 min after glucose

injection. No significant differences in lactate or lactate/glucose were detected between the untreated and 24 h treated samples at any time point

(p > 0.05). There were also no significant differences detected in glucose or water concentration at any time point between any of the samples.

Figure 3 shows representative 2D spectroscopic images of metabolite signals 2 h after glucose administration. Reduced lactate signal was

observed in the 48 h treated samples compared with the untreated and 24 h treated samples.
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Figure 4 shows a microscope image of AML cells in suspension, which are approximately 10 μm in diameter. Apoptotic changes are evident

48 h after treatment with cisplatin, such as nuclear condensation, membrane blebbing, and cell size shrinkage. These characteristics are reflected

in the histology slides shown in Figure 5. Cell size shrinkage may have been caused by formalin fixation. The haematoxylin and eosin (H&E)

F IGURE 3 Representative 2H spectroscopic images overlaid on T1 images 2 h after injection of [6,60-2H2]glucose. The spectral data were
averaged over 12 min of acquisition. The untreated, 24 h treated, and 48 h treated spectroscopic images shown were acquired from three
separate experiments. Colour bars represent arbitrary signal intensity

F IGURE 4 Phase contrast microscope images of AML cells in suspension. Cells are approximately 10 μm in diameter. Apoptotic changes can
be observed 48 h after treatment, including nuclear condensation, membrane blebbing, and cell size shrinkage
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sections of the 48 h treated cells showed increased nuclear fragmentation, evidenced by dark purple clusters, compared with the untreated and

24 h treated cells. Similarly, the TUNEL sections of the 48 h treated cells showed increased positive staining, which appear as brown regions, com-

pared with the untreated and 24 h treated cells. Figure 6 compares the lactate concentrations measured using 2H MRS 2 h after glucose injection

from three samples, and corresponding lactate measurements from the assay and TUNEL+ area fraction from the histology slides. Across the

three samples 2 h after glucose injection, 2H-labelled lactate concentration was significantly lower in the 48 h treated sample (1.6 ± 0.4 mM)

F IGURE 5 Representative TUNEL and H&E stained sections (�10 and �200 magnification) from untreated and cisplatin-treated cell pellets,
which were fixed in formalin for at least 96 h after scanning. Formalin fixation may have caused cell shrinkage

F IGURE 6 Comparison of 2H-lactate measured using 2H MRS 120 min after glucose injection, and corresponding assay measurements of
lactate in supernatant and TUNEL positive percent area across three samples. 2H-lactate data are averaged from 12 min of data acquisition.
Statistically significant differences (p < 0.05) were determined using Tukey's post hoc test
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compared with the untreated (3.2 ± 0.4 mM, p < 0.05) and 24 h treated samples (4.0 ± 0.6 mM, p < 0.05). There was no significant difference

detected in 2H MRS lactate measurements between the untreated and 24 h treated samples (p > 0.05). The lactate assay of the sample superna-

tants indicated that there was less extracellular lactate in the 48 h treated sample (7.0 ± 2.1 mM) compared with untreated (11.3 ± 1.0 mM) and

24 h treated samples (11.5 ± 2.3 mM). However, the differences were not significant between any group (p > 0.05). In contrast, there was a signif-

icantly greater TUNEL+ area in the 48 h treated cell pellet histology slides (16.8 ± 4.6%) compared with the untreated (3.9 ± 0.8%, p < 0.05) and

24 h treated slides (2.3 ± 0.8%, p < 0.05). Like the 2H MRS lactate measurements, there was no significant difference in TUNEL+ area between

the untreated and 24 h treated samples (p > 0.05). Figure 7 shows the correlation plots between 2H MRS lactate measurements, lactate assay

measurements, and TUNEL+ area fraction. The 2H MRS lactate levels were significantly correlated with the assay measurements (p < 0.05). Both

MRS and assay lactate data were significantly negatively correlated with the TUNEL+ area fraction (p < 0.05).

4 | DISCUSSION

In this study, the metabolic changes in cisplatin-treated AML cells were measured using 2H MRS and correlated with biological parameters includ-

ing extracellular lactate concentration and apoptotic area fraction. Consistent with the Warburg effect9 and previous 2H MRS studies of glucose

metabolism in tumours,12,13 the AML cells demonstrated metabolic conversion of glucose into lactate. This change was observed within 2 h fol-

lowing the administration of 2H-labelled glucose, in agreement with other dynamic 2H MRS studies.11,13 Little to no Glx signal was observed, indi-

cating low TCA cycle flux. Beyond 12 min after glucose administration, there was a significant decrease in 2H-labelled lactate production in the

samples treated with cisplatin 48 h prior to scanning, relative to the untreated samples and 24 h treated samples. No significant differences in glu-

cose concentrations were observed at any time point between any of the samples, although glucose utilization appeared reduced in 48 h treated

cells compared with the untreated and 24 h treated cells. Similarly, there were no significant differences in water concentrations. This observation

may be explained by the low TCA cycle flux and the in vitro nature of the experiment, since the accumulation of 2H-labelled water has been shown

to arise from label transfer to water during several reactions in the TCA cycle12,13 and wash-in of labelled water from other tissues in vivo.13

To account for the potential variation in 2H-glucose dosage and/or viable cell population within the sample, labelled lactate/glucose over time was

also examined. The lactate/glucose ratio was significantly lower in the 48 our treated samples compared with both the untreated and 24 h treated sam-

ples beyond 12 min after injection of labelled glucose. At 120 min after injection of labelled glucose, the lactate/glucose ratios across six samples for

the untreated cells (0.22 ± 0.04) and 48 h treated cells (0.06 ± 0.03) were lower than 2H-labelled lactate/glucose ratios measured in EL4 tumour bearing

mice 48 h after treatment with etoposide (0.27 ± 0.12 to 0.12 ± 0.06).13 Reasons for this discrepancy might include the difference between cell lines,

chemotherapeutic agents and doses, and variations arising from in vivo versus in vitro measurements such as oxygen supply and availability of glucose.

Lactate concentrations quantified by 2H MRS were compared with measurements of extracellular lactate concentration from a colorimetric

assay. In agreement with the 2H MRS data, extracellular lactate concentrations were lower in the 48 h treated sample compared with the

untreated and 24 h treated samples. Extracellular assay-based lactate concentrations were significantly correlated to those measured by 2H MRS

two hours after glucose administration (R = 0.83, p < 0.05). In addition, we found that the extracellular lactate concentrations were an average of

3.6 times higher than the 2H MRS measurements, which reflect the total 2H labelled lactate in the cell suspension 2 h after glucose administration,

referenced to the 12.8 mM baseline concentration of natural abundance 2H-water. This finding is consistent with high levels of monocarboxylate

transporter 4 (MCT4)-mediated lactate export leading to higher extracellular versus intracellular lactate concentrations.6,8 Several other factors

may also contribute to this discrepancy. First, the cell fraction by volume was measured to be approximately 40% (corresponding to an approxi-

mate 400 μL supernatant volume in 700 μL total sample volume). The cells may have also continued to metabolize glucose into lactate during the

30 min delay time following the MR scan needed to prepare the sample supernatant for the assay. Finally, unlabelled lactate in the supernatant

produced from unlabelled glucose in residual cell medium would be detected by the assay but not by 2H MRS. From Figure 7, the extrapolated

F IGURE 7 Significant correlations were determined between the lactate MRS and assay measurements, the MRS measurements and TUNEL
positive percent area (TUNEL+ area), and the assay measurements and TUNEL+ area (p < 0.05). R represents Pearson's correlation coefficient
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y intercept is 4.1 mM (p < 0.05) and presumably represents the unlabelled lactate in the sample. In future experiments, the colorimetric assays

should be performed on lysed cells to include the lactate contribution from both intracellular and extracellular spaces.

The decrease in lactate concentration, as measured by both 2H MRS and the lactate assay, was significantly correlated with the histologically

confirmed increase in percent area of TUNEL positive staining 48 h after cisplatin was administered. The 48 h treated samples also demonstrated

morphological features of apoptosis in H&E-stained sections such as DNA fragmentation. These findings suggest that an increase in cisplatin-

induced apoptosis results in a decrease in lactate production since there are fewer viable cells to metabolize the administered glucose. Interest-

ingly, the metabolic and apoptotic effects of cisplatin were not detected in the 24 h treated cells by either 2H MRS, the colorimetric assay, or

TUNEL. However, an early stage of apoptosis, characterized by nuclear condensation, is apparent in the H&E stains of the 24 h treated samples.

This observation suggests that the apoptotic effects of cisplatin have been initiated by this time point but have not yet manifested in metabolic

changes or DNA fragmentation. Since cisplatin affects the ability of the cell to divide by creating DNA crosslinks,21 these effects may only become

more apparent after the doubling time of the AML cells (�31 h).15

Given the percent of viable cells in the untreated (�95%) and 48 h treated (�85%) samples (approximated from the TUNEL positive percent

area), the change in lactate concentration between these two groups is greater than expected (�0.3 mM expected versus 1.6 mM measured by
2H MRS and 4.3 mM measured by assay). The observed drop in lactate concentration may be attributed to other cisplatin-mediated mechanisms

in addition to apoptosis, such as a “stun” in glucose metabolism from disrupted cell machinery. Cisplatin, a chemotherapeutic drug known to exert

cytotoxicity by apoptosis, has also been postulated to act as an anti-metabolic agent. Cisplatin has been found to suppress the expression of

glycolysis-related proteins including glucose transporters 1 and 4 (GLUT1 and GLUT4) and lactate dehydrogenase B (LDHB), leading to a decline

in glucose uptake and lactate production in vitro.22 There may also be reduced expressions of other proteins involved in glycolysis such as MCTs

and lactate dehydrogenase A (LDHA), which facilitate the transport of lactate into and out of the cell and the bidirectional conversion of pyruvate

to lactate, respectively.8,23 These factors may affect lactate production before TUNEL staining can indicate apoptotic cell death. Western blot

analysis of these protein levels in future 2H MRS studies may add valuable information regarding the mechanisms of the observed metabolic

change.

The setup of this experiment consisted of a plane of three tubes placed horizontally above the centre of a 2H surface coil. This layout enabled

sufficient signal acquisition using a 2D CSI sequence. Sensitivity was the greatest in the centre of the coil, leading to a high signal in a single voxel

from each tube. For this reason—and to prevent potential signal contamination from neighbouring voxels—only these three voxels were chosen

for analysis. In our case, 2D maps obtained via spectroscopic imaging served to demonstrate the spatial resolution and localization of the 2H signal

relative to the coil within the three identical sample tubes. In a clinical application, these metabolic maps have been shown to distinguish between

normal and aberrant metabolism with striking contrast.12 Using 3D 2H MRS maps of glucose, lactate, and Glx, de Feyter et al have demonstrated

elevated lactate and reduced Glx in a glioma relative to normal brain tissue.12 Given the nominal voxel size of 2 � 2 � 2 mm3 used in this study,

these 2H MRS metabolic maps could be used to provide a quantitative assessment of response across the tumour volume and capture the pres-

ence of spatial metabolic heterogeneities that may further inform on tumour status. Due to its ability to map metabolites downstream of glucose,
2H MRS overcomes a major disadvantage of 18F-FDG PET which is limited to imaging glucose uptake.10

Some technical limitations of 2H MRS should be considered. As for carbon-13 (13C) MR, an existing clinical MRI scanner would require spe-

cialized multinuclear hardware.12 However, additional complexities such as hyperpolarization or water and lipid suppression are not necessary for
2H MRS. In addition, the 2H-labelled substrates are cheaper than those used in 13C MR and can be orally ingested rather than injected.12 The long

scan time and high field strength used in our study have major cost and impracticality, but our results demonstrate that significant metabolic dif-

ferences between samples can be detected after 12 min after glucose addition. Furthermore, an adequate shim of 0.05-0.07 ppm was achieved in

these in vitro experiments, which is not feasible in vivo. However, multiple studies have demonstrated that 2H MRS can be implemented to study

metabolism in vivo.11–13 For example, de Feyter et al achieved an 11 Hz water linewidth in the human brain and were able to differentiate normal

and tumour metabolism within a 30 min scan at a lower field strength of 4 T.12

As this study was performed in vitro, some factors should be considered when interpreting the observed metabolic changes. First, the

experiment was performed at room temperature instead of at the physiologically relevant temperature of 37 �C. The concentration of glucose

administered is also four times that found in normal blood. While temperature24 and glucose availability25 have been shown to impact the

metabolic rates of tumour cells in vitro, these conditions were consistent between our samples such that there was still a clear effect of cis-

platin on the metabolism of the 48 h treated cells compared with the untreated group. Kinetic analysis of dynamic 2H MRS should be

included in future work to compare glucose consumption and lactate production rates with those found in physiological conditions. Second,

the varying number of cell passages may introduce genetic drift and cause differences in morphology, growth rates, and protein expression.26

However, the MR and biological data show consistent metabolic trends across the untreated, 24 h treated, and 48 h treated groups,

suggesting that the effect of passaging on metabolism and cell death was likely minor. Future experiments should include vehicle-treated sam-

ples to control for passage number and reduce experimental variance in the untreated and treated groups. Finally, our technique was tested

on a single AML cell line, which, being cancer of the blood, is not assessed for response via anatomical changes as done in solid tumours.27

However, these cells were chosen for proof of concept as they are highly glycolytic28 and have an apoptotic response to cisplatin.14–18

Accordingly, the AML cells depicted the Warburg effect similarly to the metabolic profiles found in a murine lymphoma model,13 a glioma
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model,12 and patients with glioblastoma multiforme12 using 2H MRS. Our in vitro approach permitted us to study this effect and the resulting

changes in lactate induced by cisplatin without confounding effects from tumour vasculature or the extracellular matrix, which introduce addi-

tional complexity for metabolite quantification.11,13

5 | CONCLUSIONS

Increased lactate levels are a consequence of aberrant metabolism exhibited by many tumour types that contribute to the survival and metastatic

potential of tumour cells. The results of this work showed that significant treatment-induced changes in lactate can be detected by 2H MRS as

early as 48 h after chemotherapy and were associated with changes in extracellular lactate levels and apoptotic cell death. These findings suggest

that 2H-labelled lactate may be used in the assessment of tumour response early after treatment. Protein analysis in future work is warranted to

determine the mechanisms of the observed metabolic change.
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