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Purpose:  To evaluate glioblastoma (GBM) metabolism by using hyperpolarized carbon 13 (**C) MRI to monitor the exchange of the
hyperpolarized "*C label between injected [1-"*C]pyruvate and tumor lactate and bicarbonate.

Materials and Methods: In this prospective study, seven treatment-naive patients (age [mean £ SD], 60 years = 11; five men) with GBM
were imaged at 3 T by using a dual-tuned *C-hydrogen 1 head coil. Hyperpolarized [1-*C]pyruvate was injected, and signal was ac-
quired by using a dynamic MRI spiral sequence. Metabolism was assessed within the tumor, in the normal-appearing brain parenchy-
ma (NABP), and in healthy volunteers by using paired or unpaired # tests and a Wilcoxon signed rank test. The Spearman p correlation
coefficient was used to correlate metabolite labeling with lactate dehydrogenase A (LDH-A) expression and some immunohistochemi-
cal markers. The Benjamini-Hochberg procedure was used to correct for multiple comparisons.

Results: The bicarbonate-to-pyruvate (BP) ratio was lower in the tumor than in the contralateral NABP (2 < .01). The tumor lactate-
to-pyruvate (LP) ratio was not different from that in the NABP (P = .38). The LP and BP ratios in the NABP were higher than those
observed previously in healthy volunteers (2 < .05). Tumor lactate and bicarbonate signal intensities were strongly correlated with
the pyruvate signal intensity (p = 0.92, P < .001, and p = 0.66, P < .001, respectively), and the LP ratio was weakly correlated with
LDH-A expression in biopsy samples (p = 0.43, P = .04).

Conclusion: Hyperpolarized *C MRI demonstrated variation in lactate labeling in GBM, both within and between tumors. In contrast,
bicarbonate labeling was consistently lower in tumors than in the surrounding NABP.

Supplemental material is available for this article.

Published under a CC BY 4.0 license.

lioblastoma (GBM) is the most common and aggres-
Gsive primary malignant brain tumor in adults, with
a median survival of only 12-15 months despite aggres-
sive therapy (1). This poor prognosis is partly due to its
characteristic heterogeneity, which can be demonstrated
morphologically and functionally by using conventional
MRI. This heterogeneity also exists on a metabolic level,
which results from a complex interplay between genomic

and microenvironmental changes leading to metabolic
reprogramming (2). This metabolic reprogramming may
influence whether a GBM is predisposed toward infiltra-
tion or proliferation and to therapy resistance; highly pro-
liferative cells downregulate glycolysis and upregulate the
pentose phosphate pathway (3-5), and glioma stem cells
are less glycolytic than differentiated cells, which may re-
late to radiation therapy resistance (6). Moreover, cellular
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Abbreviations
BP = bicarbonate to pyruvate, CAIX = carbonic anhydrase IX,

GBM = glioblastoma, IHC = immunohistochemical, ,, = rate

constant describing conversion of pyruvate to bicarbonate, 4, =
rate constant describing exchange of label between pyruvate and
lactate, LDH = lactate dehydrogenase, LP = lactate to pyruvate,
MCT = monocarboxylate transporter, NABP = normal-appearing
brain parenchyma, ROI = region of interest

Summary

Carbon 13 (**C) MRI following injection of hyperpolarized *C-
labeled pyruvate can be used to characterize glioblastoma metabolism
and changes in the surrounding brain parenchyma, and this tumor
metabolism may be correlated with metabolic gene expression.

Key Points

= Imaging the formation of hyperpolarized carbon 13 (**C)-lactate
from "C-pyruvate demonstrated intratumoral and interpatient
heterogeneity in reductive metabolism, and the lactate-to-pyruvate
(LP) ratio correlated with expression of the enzyme lactate dehy-
drogenase A (P = .04).

= The hyperpolarized *C-bicarbonate signal intensity was consis-
tently reduced in glioblastoma (GBM) compared with in the con-
tralateral brain (bicarbonate-to-pyruvate [BP] ratio, 0.06 * 0.03
vs 0.10 = 0.03, P =.002), consistent with a reduction in oxidative
metabolism.

= The presence of tumor altered pyruvate metabolism in the contra-
lateral normal-appearing brain parenchyma of patients with GBM,
compared with healthy volunteers (participants vs volunteers: LP
ratio, 0.33 £ 0.06 vs 0.23 *= 0.07, P = .009; BP ratio, 0.10 =
0.03 vs 0.07 = 0.04, P = .047).

Keywords

Hyperpolarized *C MRI, Glioblastoma, Metabolism, Cancer, MRI,
Neuro-oncology

and molecular heterogeneity (7) makes accurate phenotyping of
patients difficult because of biopsy sampling error and is a key
factor in therapeutic failure (8). Therefore, metabolic reprogram-
ming of GBM represents an important target for novel therapeu-
tic strategies (1,3), and noninvasive methods for imaging GBM
metabolism could help to better characterize tumors and their
early response to treatment (3,9).

MR spectroscopic imaging of hyperpolarized carbon 13
(BC)-labeled metabolites (hyperpolarized *C MRI) is an
emerging clinical tool for noninvasive assessment of metabolism
in vivo (10). Metabolism of pyruvate, the product of glycolysis,
has been widely studied by using this technique. Pyruvate lies
at a metabolic crossroads, between conversion to lactate in the
reaction catalyzed by cytosolic lactate dehydrogenase (LDH),
and entry into the mitochondrial tricarboxylic acid cycle in the
reaction catalyzed by pyruvate dehydrogenase (Fig E1 [supple-
ment]). Pyruvate dehydrogenase transfers the pyruvate °C label
to carbon dioxide, which is in near equilibrium with bicarbon-
ate, and the latter is detected because of its greater abundance at
physiologic pH (10,11). Preclinical studies have shown increased
lactate labeling in orthotopic GBM models and have demon-
strated changes in lactate labeling following therapy (12-16).
A study of orthotopically implanted, patient-derived xenograft
models of GBM demonstrated a high degree of variability in
lactate labeling between tumors, which could be explained by

differences in the levels of the transcription factor c-Myc driv-
ing LDH-A expression and glycolytic activity (17). In humans,
intravenous hyperpolarized [1-"*C]pyruvate has been shown to
result in both lactate and bicarbonate labeling in the healthy hu-
man brain, allowing assessment of both glycolytic metabolism in
the cytosol and oxidative metabolism in the mitochondria (18).
Previous clinical studies using *C MRI with hyperpolarized [1-
BClpyruvate have demonstrated the feasibility of imaging GBM
metabolism in patients across a spectrum of clinical presenta-
tions, all performed following some form of treatment (19-23).
Moreover, a correlation between gene expression and lactate la-
beling has not been demonstrated previously (19-25). In this
exploratory study, we have characterized hyperpolarized [1-*C]
pyruvate metabolism in participants with treatment-naive iso-
citrate dehydrogenase wild-type GBM by using hyperpolarized
BC MRI. The metabolic images were compared with conven-
tional contrast agent—enhanced proton MR images.

Materials and Methods

Participant Selection, Enrollment, and Clinical Monitoring

This prospective study was approved by a regional research eth-
ics committee (reference 16/EE/0184). Between November
2016 and October 2018, eight consecutive treatment-naive
participants (six men, two women; age [mean * SDJ, 60 years
* 11; Table 1, Fig E2 [supplement]) with a presumed diagno-
sis of GBM scheduled for image-guided resection at our in-
stitution were imaged by using hyperpolarized C MRI after
providing written informed consent. Exclusion criteria were
clinical or imaging features that would suggest a secondary
lesion, general contraindications for MRI, and age younger
than 18 years. Seven participants were imaged successfully and
included in this study. Imaging of one participant was aban-
doned because of failure of the acquisition protocol. Partici-
pant data were compared with previously published data from
four healthy volunteers (18), the details of which are provided
in Appendix E1 (supplement).

Pyruvate Preparation and Hyperpolarization

Hyperpolarized [1-*C]pyruvic acid was prepared, and quality
control checks were performed, as described in Appendix E1
(supplement). A volume of 0.4 mL/kg of approximately 250
mM hyperpolarized [1-*C]pyruvate was injected at 5 mL/sec
by using an automatic MRI injection system (Spectris Solaris;

MEDRAD), followed by 25 mL of a saline flush.

Hydrogen 1 MRI and Hyperpolarized *C MRI Acquisitions
MRI examinations were performed with a 3-T clinical im-
ager (Discovery MR750; GE Healthcare) by using a dual-
tuned C-hydrogen 1 (*H) quadrature transmit-receive head
coil (Rapid Biomedical) and a 12-channel 'H head coil (GE
Healthcare). The homogeneous coil sensitivity profile across
the field of view allowed accurate quantification of brain me-
tabolism and comparison between participants (18).

The hyperpolarized *C MRI acquisition was obtained by
using a dynamic, iterative decomposition with echo asymmetry
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Table 1: Participant Demographics and Clinical Characteristics

Parameter Value
No. of participants 8

Men 6 (75)

Women 2 (25)
Participants completing hyperpolarized >C MRI 7 (87.5)
Age (y) 60 = 10 (48-74)
Time gap between MRI and surgery (d) 3+ 1.8(1-9)*

46 * 33 (15-121)

Tumor volume (cm?)

Tumor location

Frontal lobe 2(29)
Parietal lobe 1(14)
Temporal lobe 4(57)

Note.—The number of participants and tumor location are presented as the
number of participants with the percentage in parentheses. Normally distribut-
ed continuous values are shown as mean * SD with the range in parentheses.
* The non—normally distributed continuous value is shown as median = mean

Zaccagna et al

Fluid-attenuated inversion recovery images and
postcontrast 'H three-dimensional T1-weighted fast
spoiled gradient-echo acquisition images were also
used to reference these ROIs. Further details are pro-
vided in Appendix E1 (supplement). ROIs were po-
sitioned to exclude major vessels, where possible, to
reduce bias in the analysis. Metabolism in the NABP
was assessed in two ways: in the entire hemispheres
(excluding the tumor on the ipsilateral side, with a
margin to avoid the peritumoral fluid-attenuated in-
version recovery hyperintensity) and in an ROl in the
contralateral hemisphere that was the mirror image
of the tumor ROI in the ipsilateral hemisphere.

Histopathologic, Immunohistochemical, and
Western Blot Analyses

Imaging was compared with immunohistochemical
(IHC) and Western blot data obtained from mul-
tiregional biopsy samples. Multiple biopsy samples

absolute deviation with the range in parentheses.

obtained from each patient were targeted to regions

and least-squares estimation spiral chemical shift imaging se-
quence: field of view, 240 X 240 mm; repetition time, 500
msec; echo time, 1.4 msec; flip angle, 15° acquisition matrix, 40
X 40; reconstruction matrix, 128 X 128 (Fig E3 [supplement]);
section thickness, 30 mm (26). Images were acquired every 4
seconds for a total of 60 seconds. Details of the 'H MRI acquisi-
tion are provided in Appendix E1 (supplement).

Image Processing and Analysis

Image processing was performed in MATLAB (MATLAB
2017a, MathWorks) to provide the sum of the metabolite sig-
nals over the time course, to estimate the noise-corrected signal
ratio maps (lactate-to-pyruvate [LP], bicarbonate-to-pyruvate
[BP], and bicarbonate-to-lactate ratios), and to determine the
apparent rate constant describing the exchange of label between
pyruvate and lactate (k,,) and the apparent first-order rate con-
stant describing conversion of pyruvate to bicarbonate (,,),
as described previously (18,27); further details are provided
in Appendix E1 (supplement). Mean values for the summed
metabolites in each region of interest (ROI) were referenced
to the peak pyruvate signal intensity in each participant to
allow group comparisons. For the histogram analysis, the tu-
mor pyruvate, lactate, and bicarbonate signal intensities were
normalized to the mean of the contralateral normal-appearing
brain parenchyma (NABP) on the same axial imaging section
to allow a direct comparison of heterogeneity within and be-
tween lesions.

A neuroradiologist (EZ., with 9 years of experience in neu-
roimaging) outlined the ROIs on the non—contrast-enhanced
'H three-dimensional T1-weighted fast spoiled gradient-echo
acquisition images by using OsiriX (version.8.5.2, Pixmeo
SARL). The images were acquired with the dual-tuned “C-"H
coil to ensure accurate co-registration with the metabolite maps.

Radiology: Imaging Cancer Volume 4: Number 4—2022 = radiology-ic.rsna.org

of high and low metabolism on the hyperpolarized

BC MR images (average of 5.7 = 1.9 per patient;

range, 2-8). Regions with high or low lactate label-
ing were labeled with 1-cm? circular ROIs on the three-dimen-
sional T1-weighted images and were targeted for biopsy. The
sampling plan was discussed with the operating neurosurgeon
prior to surgery, and a member of the research team was pres-
ent during surgery to assist with targeted sampling, collection,
handling, and freezing of the samples. Details of IHC and
Western blot analysis are provided in Appendix E1 (supple-
ment). The LP ratio from each ROI was compared with LDH-
A expression in the targeted biopsy sample from that site. The
expression of carbonic anhydrase IX (CAIX) as a marker of
hypoxia (28); monocarboxylate transporter 1 (MCT1), the
membrane transporter responsible for pyruvate uptake; and
MCT4, the membrane transporter largely responsible for lac-
tate and ketone body export (29), were determined by using
IHC analysis and were compared with the *C imaging data.

Statistical Analysis

Statistical analysis was performed by using MATLAB (MAT-
LAB and Machine Learning Toolbox, MATLAB 2017a; Math-
Works), SPSS (version 18.0, SPSS), and RStudio (version
1.1.463 for Macintosh, RStudio), which is based on R ver-
sion 3.5.1 (R Foundation for Statistical Computing platform
[30]). The Shapiro-Wilk test was used to test for normality.
Subsequently, a log,, transformation was applied to the data
that were originally considered to be normally distributed, and
the normality of data distribution was confirmed by using the
Shapiro-Wilk test and the Jarque-Bera normality test. Contin-
uous data were expressed as mean * SD (minimum - maxi-
mum) for normally distributed data and as median * median
absolute deviation (minimum - maximum) for non—-normally
distributed data.

The two-tailed paired # test, unpaired # test, and Wil-
coxon signed rank test were used to compare the metabolites,
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Figure 1:

Hyperpolarized '*C MR images from all seven patients. (A) Grayscale axial contrast-enhanced 'H three-dimensional (3D) T1-weighted fast spoiled gradi-

ent-echo (FSPGR) images through the center of the lesion for each patient and the corresponding unenhanced images overlaid with the (B) pyruvate, (€) lactate, and (D)

bicarbonate color maps summed over the time course.

ratios, and exchange rate constants derived from the tumors
and NABP as appropriate, depending on the distribution of
the data. Paired and unpaired # tests were performed, and
the 7 values, df; and P values are presented as follows: #df],
P. For unpaired # tests, we assumed unequal variance and
applied the Welsh df modification. Correlations among me-
tabolites, LDH-A expression, and IHC markers were deter-
mined by using the Spearman p correlation coeflicient. For
tissue samples, P values were derived by assuming indepen-
dence between samples (8). Correlations between volumes
and LP and BP ratios were determined by using regression
analysis.

To determine the statistical significance of all the test results,
a base set P value of .05 was chosen. Subsequently, significance
was corrected for multiple comparisons by using the Benjamini-
Hochberg procedure and computing the false discovery rate at
5%. Raw P values are shown, and significance is stated according
to the Benjamini-Hochberg procedure.

Results

Quality Control Measurements

The average [1-"*C]pyruvate polarization was 22% = 4 (range,
16.3%-28.0%); the pyruvate concentration was 256 mM =

12 (232-268 mM), and the pH was 7.7 * 0.2 (range, 7.3—
8.0). The time delay between dissolution and pyruvate injec-
tion was 59 seconds * 4 (range, 54—65 seconds) (Table E1
[supplement]).

Tumor Metabolism Measured with Hyperpolarized *C MRI
Hyperpolarized [1-*C]pyruvate, [1-"*Cllactate, and [*C]bi-
carbonate signals were observed in all seven isocitrate dehy-
drogenase wild-type tumors, as well as in normal-appearing
brain, following injection of hyperpolarized [1-"*C]pyruvate
(Fig 1). Figure 2 shows the LP and BP ratios calculated from
these summed signals. The metrics derived from these data are
summarized in Table 2, and data for each individual patient are
shown in Table E2 (supplement).

The summed pyruvate and lactate signal intensities were sig-
nificantly higher in tumors than in the contralateral NABP (n
=7, 16] = 3.6, P=.01, and #[6] = 3.3, P = .02, respectively).
However, we found no evidence of differences in the median
ky (n =7, 6] = -0.36, P =.73) or the LP ratio (n = 7, #(6]
= -0.94, P = .38) between the tumor ROIs and the contra-
lateral NABD. The LP showed a high degree of intralesional
and interpatient heterogeneity (Fig 2) and a wide variation
in the LP ratio between participants with GBM. Specifically,

some tumors demonstrated an LP ratio higher than that in the

radiology-ic.rsna.org ® Radiology: Imaging Cancer Volume 4: Number 4—2022


http://radiology-ic.rsna.org

Zaccagna et al

100 100 100 100 jcam
[
2 80 80 80 ' 20 Rl
S 60 60
5
&
g 40 40
g \
ER] 20
P . Al | - " i ol
02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 0.8
B Lactate to pyruvate ratio
[ 168M
70 70 70 300 70 70 70, et
—GEM fit
W% 60 60 250 60 60 60, ke
g 50 50 50 200 50 50 50
g 40 40 40 40 40
B 150
5 30 30 ' 30 30 30/
H] \ 100!l ’\
E 20 20 l 20t | 20 20
i
L 1) 10( 50 l“ 10 / 10 10,
0 0 0 0 0 0
0 0.2 04 0 02 0.4 0 0.2 04 0 0.2 0.4 0 0.2 0.4

Bicarbonate to pyruvate ratio

Figure 2: Histograms of the (A) lactate-to-pyruvate and (B) bicarbonate-to-pyruvate rafios in each voxel from the section through the center of the lesion for each pa-
tient (n = 7) with an overlying polynomial fit; glioblastoma (GBM) data are shown in blue, and the normal-appearing brain parenchyma (NABP) data are shown in red.

Table 2: Hyperpolarized '*C MRI Metabolism in NABP and in GBM Tumors

Ipsilateral Hemisphere, Contralateral Hemisphere, Contralateral NABP,
Parameter NABP NABP P Value GBM Area P Value
LP ratio 034 + 0.05(0.25-  0.33 + 0.06 (0.24-0.42) 736 0.34 = 0.06 (0.24—  0.36 * 0.10 (0.25- 382
0.41) 0.46) 0.53)
BP ratio 0.09 * 0.02 (0.05— 0.10 = 0.03 (0.06-0.15) .047*  0.06 = 0.03 (0.02— 0.10 £ 0.04 (0.05— .002*
0.13) 0.08) 0.16)
ky (sect X 107%) 16.8 = 2.6 (5.9-23.6) 16.1 = 3.6 (5.9-21.2) 5907 16.1 £5.7(9.4-27.7) 165 £7.3(7.8-31.7) .730
by (sec™ X 107) 2.2 * 0.7 (1.4-3.7) 2.7 0.8 (1.4-4.4) 024 1.7 £ 1.3 (0.3-4.5) 2.4+ 1.0 (1-4.4) 122

"Wilcoxon signed rank test.

Note.—LP ratio, BP ratio, and rate constants (&, and 4,,) in the NABP and in GBMs. Metabolite signals were measured in the tumors (7
=7) and in the NABP. Signal intensities in the NABP were measured in both hemispheres within the tumor-containing section (contralat-
eral hemisphere, 7 = 7), and in a region of interest in the contralateral hemisphere that was the mirror image of the tumor region of interest
in the ipsilateral hemisphere (contralateral NABP region of interest, 7 = 7). The LP and BP ratios were calculated, and the rate constants
were estimated by using a two-site exchange model as described in the Materials and Methods section. Normally distributed continuous
values are shown as mean = SD with the range in parentheses, and non—normally distributed continuous values are shown as median value
*+ mean absolute deviation with the range in parentheses and were tested with the Wilcoxon signed rank test (*).BP = bicarbonate to pyru-
vate, GBM = glioblastoma, /epB = rate constant describing conversion of pyruvate to bicarbonate, km‘ = rate constant describing the exchange
of label between pyruvate and lactate, LP = lactate to pyruvate, NABP = normal-appearing brain parenchyma.

* The P values for the difference between the ipsilateral and contralateral NABP and between the GBMs and the contralateral NABP are
shown with significance set at .05 and are corrected for a false discovery rate as described in the text (*2 <.05).

NABP (participants 1 and 6), whereas others showed a lower
ratio. However, there was a consistent reduction in the tumor
bicarbonate and BP ratio compared with those in the NABP
(bicarbonate: 7 = 7, #{6] = -5.27, P = .002; BP ratio: n = 7, ¢[6]
= -5.14, P = .002; Figs 2, 3).

Analysis of the summed lactate and pyruvate signal intensities
in the individual participant tumors showed a strong positive
correlation (p = 0.92, P < .001; Fig E4 [supplement]). The same
was true for bicarbonate labeling, with a positive correlation be-
tween the summed pyruvate and bicarbonate signal intensities
being shown (p = 0.66, P < .001; Fig E4 [supplement]).

Metabolism of the NABP

The pyruvate and lactate signal intensities were higher in
the ipsilateral NABP than in the NABP in the contralateral
non—tumor-bearing hemisphere, although this did not reach

Radiology: Imaging Cancer Volume 4: Number 4—2022 = radiology-ic.rsna.org

statistical significance (7 = 7, P = .26 and P = .24). There was
no evidence of differences in the LP ratio (2 = 7, #[6] = 0.35,
P = .74) or the k, (n =7, P =.59) between the ipsilateral
and contralateral NABP. The summed bicarbonate signal in-
tensity (n = 7, t{6] = -2.95, P = .03), BP ratio (n =7, #(6] =
-2.49, P=.047), and k,, (n =7, #[6] = -3.1, P = .02) were all
significantly lower in the NABP in the ipsilateral hemisphere
than in the NABP in the contralateral hemisphere.

In the healthy volunteers, the whole-brain average LP ratio
determined from data acquired contemporaneously with the
data shown here was 0.23 = 0.07 (18), which is lower than in
the GBM cohort (healthy volunteers: 7 = 4, participants with
GBM: 7 = 7; P = .009). Similarly, the whole-brain average BP
ratio was lower in healthy volunteers (0.07 £ 0.04) than in par-
ticipants with GBM (healthy volunteers: 7 = 4, participants with
GBM: n=7; P=.047) (18).
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Figure 3: Average labeled metabolite distribufion for the entire patient cohort (n = 7). Histograms show the (A) average lactate-to-pyruvate and

bicarbonate-to-pyruvate ratios and (B) normalized signal intensities for pyruvate, lactate, and bicarbonate with an overlying polynomial fit. Normal-
ization was performed relative to the normal-appearing brain parenchyma (NABP). Ratios for glioblastoma (GBM) are shown in blue, and ratios for

NABP are shown in red.

'"H MRI Measurements of Tumor Volume

The relationship between tumor volume, as measured by con-
trast-enhanced 'H three-dimensional T1-weighted imaging,
and the LP and BP ratios is shown in Figure 4. The average
volume of the lesions was 46 cm® = 33 (range, 15-121 cm?)
with a 28% = 19 (range, 0.4%-52%) nonenhancing core.
Regression analysis demonstrated no significant correlation
between the LP ratio and the total tumor volume, enhancing
volume, or percentage of nonenhancing core (n = 7; P = .77,
.68, and .36, respectively). In contrast, the BP ratio showed a
significant decrease with increasing lesion volume (= 7, R* =
0.61, P = .04) and enhancing volume (n = 7, R* = 0.70, P =
.02) and conversely increased with an increasing percentage of
nonenhancing core (7 = 7, R* = 0.61, P = .04). Pyruvate and
lactate demonstrated a weak negative correlation with the non-
enhancing core that did not reach statistical significance (7 = 7;
P=.17 and P = .43, respectively).

Correlations among Tumor Lactate Labeling, LDH-A
Expression, and IHC Markers

The concentration of LDH-A in tumor biopsy samples, quan-
tified by using Western blotting, exhibited a moderate positive
correlation with the local LP ratio (7 = 24, p = 0.43, P = .04;
Fig 5, Table E3 [supplement]). CAIX showed a moderate nega-
tive correlation with summed pyruvate (7 = 29, p = -0.59, P <
.001) and summed lactate (7 = 29, p = -0.54, P < .001). We

found no evidence of a correlation between MCT1 and any
of the measured C metrics, including the sum of pyruvate,
lactate, and bicarbonate signal intensities (7 = 29, all P val-
ues > .11). MCT4 was positively correlated only with the BP
and bicarbonate-to-lactate ratios (7 = 29, p = 0.4, P = .03, and
p= 0.4, P = .03, respectively). Figure 6 shows a representative
example demonstrating the correlation among proton images,
metabolite maps, and IHC for Ki67, MCT1, and CAIX ob-
tained from the region highlighted in the images.

Discussion

In this prospective study, we evaluated the hyperpolarized *C

MRI technique in participants with treatment-naive primary
GBM and have correlated lactate labeling with tissue obtained
at surgery. To our knowledge, large studies have not yet been
performed that investigate the use of hyperpolarized *C MRI
within a similar cohort, and this small cohort therefore pro-
vides important data on changes in metabolism in GBM and
the surrounding normal brain in treatment-naive patients. We
found that the LP and BP signal ratios demonstrated significant
intralesional and interpatient heterogeneity, although there was
no evidence of a difference in the average LP ratio or 4, be-
tween tumors and the contralateral NABP. The higher pyruvate
and lactate labeling in tumors compared with the contralateral
NABP may reflect increased pyruvate delivery, given the strong
correlation between pyruvate and lactate signal intensities, im-
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plying that lactate labeling is partly determined by pyruvate
delivery. The negative correlation between pyruvate and CAIX
suggests poor delivery of pyruvate in hypoxic regions of the
tumor, which is also supported by the weak inverse relationship
between the percentages of tumor necrosis and both pyruvate
and lactate. This heterogeneity in lactate signal has also been
observed in patient-derived xenograft models of GBM (17)
and in the few clinical cases published to date (19,23). In con-
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trast, the BP ratio was consistently lower in tumors than in the
NABP, implying that mitochondrial metabolism is impaired.
A previous "H MRI study of patients with GBM and healthy
volunteers using chemical exchange saturation transfer measure-
ments showed metabolic changes in the NABP contralateral to
the tumor (31). Comparing the LP ratios in the NABP measured
here with those reported previously by using identical methods
in healthy volunteers (18), we found significantly higher LP and
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Figure 6: (A-C) Proton images, hyperpolarized '*C MR images, and immunohistochemical (IHC) data from participant 7 (74-year-old man
with glioblastomay). (A) Grayscale axial three-dimensional (3D) T2-weighted (T,W), fluid-attenuated inversion recovery (FLAIR), and gadolinium-
based contrast agent (GBCA)-enhanced 3D T1-weighted (T, W) fast spoiled gradient-echo images through the center of the lesion. There is a lesion
within the right anterior temporal lobe demonstrating T2-weighted and FLAIR hyperintensity involving the right insulo and external capsule and reach-
ing the lentiform nucleus. (B) The corresponding pyruvate and lactate maps summed over the entire time course and the lactate-to-pyruvate (LP) ratio
map are shown in color superimposed on the T1-weighted images before contrast enhancement. The metabolic maps reveal heterogeneity, with
higher pyruvate and lactate being shown in the medial aspect of the lesion; the LP ratio was particularly higher in the posterior part of insula. (€) Rep-
resentative IHC imaging, shown with a 20x magpnification, from the target region of interest highlighted on the 'H and '*C MR images (blue circle)
stained for ki-67, monocarboxylate transporter 1 (MCT1), and carbonic anhydrase IX (CAIX). Details on IHC analysis are provided in Appendix E1
(supplement); in brief, the antibodies used for staining were: M7240 for ki-67, HPAO03324 for MCT1, and NCL-L-CAIX for CAIX. Histopathologic
findings demonstrated a homogeneous high-grade tumor with MIB-1 staining of approximately 8%, high MCT-1 staining, and no significant staining

for CAIX.

the previously published chemical exchange saturation transfer
results, these data imply that the presence of GBM alters both
oxidative and reductive metabolism of the whole brain. Partial

BP ratios in the NABP of the tumor-bearing brains. Although
partial volume effects could influence the measured LP ratios of
the NABP in the contralateral hemisphere, taken together with
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volume effects cannot explain the increase in the BP ratio in the
NABP compared with the healthy brain area, as inadvertent in-
clusion of tumor would decrease and not increase the measured
ratio compared with its true value. However, these results need
to be validated in larger cohorts in the future.

The exchange of hyperpolarized C label between the in-
jected pyruvate and endogenous lactate pools depends on a
number of factors: pyruvate delivery, expression of the pyruvate
transporters (MCTs), and LDH activity, which catalyzes the ex-
change of C label between pyruvate and lactate (10). In the
GBM tumors studied here, there was no correlation between the
total tumor volume, enhancing volume, or nonenhancing core
and the LP ratio. This is in contrast to a previous study in pa-
tients with breast cancer, in which the LP ratio was increased in
larger tumors (27). In the GBM tumors studied here, there was
a correlation between the LP ratio and tumor LDH-A expression
but no correlation between the LP ratio and MCT' expression.
This suggests that in GBM, increased lactate labeling is driven
primarily by increased pyruvate delivery and LDH-A expression.
A previous study in GBM patient—derived xenograft models im-
planted orthotopically in the rat observed a correlation between
lactate labeling and expression of c-Myc, LDH-A, hexokinase II,
MCT1, and MCT4 (17).

Detecting metabolic heterogeneity has implications for treat-
ment of patients with GBM, including tailoring therapy or the
radiation therapy dose. Intratumoral variations in lactate label-
ing could be used to derive metabolic habitats (32) or to guide
biopsies. Metabolic maps may also be useful for detecting early
response to chemotherapy and radiation therapy (16). For in-
stance, hyperpolarized *C MRI could be used to assess changes
in metabolism with isocitrate dehydrogenase inhibition, which
has shown promising results in vitro and in animal models (33).

This study had several limitations. First, although our sample
size is larger than has been investigated in previous studies, it
remains small and warrants further work to investigate the origin
of intertumoral metabolic heterogeneity. A technical limitation
of this study was the relatively low spatial resolution, which pre-
vented assessment of the peritumoral environment and compari-
son with conventional 'H sequences. The ability to distinguish
tumor infiltration and peritumoral edema depends on the rela-
tive volume of tumor cells in each voxel compared with normal
tissue, as well as the relative difference in metabolism between
the two. Improvements in spatial resolution will enable evalu-
ation of the peritumoral region in future studies. Additionally,
although there was a statistically significant difference in the BP
ratio between the GBMs and NABP, a further technical limita-
tion of the study was low bicarbonate signal compared with that
of pyruvate and lactate. A final limitation was the inability to
compare imaging, IHC, and Western blot data in healthy tissue
samples; these correlations may be explored in animal models
to corroborate the findings from human imaging in the future.

In conclusion, this study showed variation in the levels of
lactate labeling in GBM, both within and between tumors,
whereas bicarbonate labeling was consistently lower in tumors
when compared with the surrounding NABP. The differences
in lactate labeling may be explained by differences in pyruvate
delivery to the tumor and LDH-A expression. The LP and BP
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ratios in the hemisphere contralateral to the tumor were higher
than in the brains of healthy volunteers, suggesting that the pres-
ence of a GBM in the brain increases both glycolytic and oxida-
tive activity in the NABP. We have revealed insights into the ef-
fect of the tumor on normal-appearing brain metabolism. These
results will have important implications for how this technique
can be applied in future larger studies and has provided a bio-
logical explanation for why lactate labeling varies between and
within these tumors.
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