JCBFM

Journal of Cerebral Blood Flow &
Metabolism

2021, Vol. 41(11) 2916-2927

© The Author(s) 2021

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0271678X211018317
journals.sagepub.com/home/jcbfm

®SAGE

Original Article

Metabolic MRI with hyperpolarized
[1-'*C]pyruvate separates benign
oligemia from infarcting penumbra
in porcine stroke
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Abstract

Acute ischemic stroke patients benefit from reperfusion in a short time-window after debut. Later treatment may be
indicated if viable brain tissue is demonstrated and this outweighs the inherent risks of late reperfusion. Magnetic
resonance imaging (MRI) with hyperpolarized [1-'>C]pyruvate is an emerging technology that directly images metabo-
lism. Here, we investigated its potential to detect viable tissue in ischemic stroke. Stroke was induced in pigs by
intracerebral injection of endothelin |. During ischemia, the rate constant of pyruvate-to-lactate conversion, kp, was
52% larger in penumbra and 85% larger in the infarct compared to the contralateral hemisphere (P =0.0001). Within the
penumbra, the kp_ was 50% higher in the regions that later infarcted compared to non-progressing regions (P = 0.026).
After reperfusion, measures of pyruvate-to-lactate conversion were slightly decreased in the infarct compared to
contralateral. In addition to metabolic imaging, we used hyperpolarized pyruvate for perfusion-weighted imaging. This
was consistent with conventional imaging for assessment of infarct size and blood flow. Lastly, we confirmed the
translatability of simultaneous assessment of metabolism and perfusion with hyperpolarized MRI in healthy volunteers.
In conclusion, hyperpolarized [I-'*C]pyruvate may aid penumbral characterization and increase access to reperfusion
therapy for late presenting patients.
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Introduction

Reperfusion with thrombolysis or thrombectomy is the

primary treatment of ischemic stroke. The patients are
offered reperfusion if treatment can be performed
within 4.5hours.! This time-based approach is often
hindered by late hospital arrival or uncertain estima-
tions of onset time. As a result, not all patients are
candidates for reperfusion treatment, and even fewer
are ultimately treated.” There is an urgent need for per-
sonalizing stroke care by basing therapy decisions on
the presence of viable brain tissue in each individual
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patient rather than a short time-window after symptom
onset.

Magnetic resonance imaging (MRI) may more pre-
cisely pinpoint the patients that will benefit from reper-
fusion.  Perfusion-weighted  imaging  promises
identification of salvageable penumbra by detecting
the diffusion-perfusion mismatch. Hereby, it is possible
to extend the window of treatment to 16hours after
symptom onset.’ But perfusion-weighted imaging
struggles to distinguish areas of benign oligemia from
true penumbral tissue, and perfusion-based ischemic
thresholds are poorly defined.*® Patients with similar
diffusion-perfusion mismatches can have vastly differ-
ent outcomes upon reperfusion.” This reflects that the
salvageability of the penumbra is not entirely captured
with perfusion-weighted imaging. For these reasons,
the technique has not had the anticipated clinical
impact, and decisions outside of the time-window are
currently based on mismatches between diffusion
weighted imaging and symptoms or edema-sensitive
anatomical MRIL.®® Nevertheless, penumbral imaging
remains compelling for individualizing care. One
opportunity may be to directly image the metabolic
crisis that defines an ischemic stroke.

Currently under clinical translation, hyperpolarized
pyruvate MRI provides unpreceded metabolic infor-
mation in a rapid one-minute acquisition.'” With
hyperpolarization, the MR signal of [1-'*C]pyruvate
is augmented >10,000-fold before it is injected and
the pyruvate and its metabolites — lactate and bicarbon-
ate — are detected. They are quantified using models or
as ratios which represent a compound of processes,
including pyruvate or lactate dehydrogenase (PDH
and LDH) flux and metabolite pool size. As a marker
sensitive to hypoxia, the exchange of pyruvate to lac-
tate may aid characterization of stroke metabolism. In
addition to metabolic imaging, it is possible to use the
hyperpolarized tracers such as urea and pyruvate as
contrast agents for perfusion-weighted imaging.'' '3
To date, two studies have investigated hyperpolarized
MRI in rodent models of ischemic stroke. They suggest
that conversion between pyruvate and lactate increases
shortly after reperfusion and then normalizes before it
increases again after several hours.'*!'> However, no
studies have evaluated hyperpolarized MRI during
ischemia, and none have used hyperpolarized pyruvate
for perfusion-weighted imaging in stroke.

We hypothesized that MRI with hyperpolarized
[1-"*C]pyruvate can depict the metabolic consequences
of ischemic stroke. Further, we hypothesized that it
allows estimation of perfusion, yielding assessment of
metabolism and perfusion in one scan. Accordingly, we
performed hyperpolarized [1-'*Clpyruvate MRI before
and after reperfusion in an endothelin 1 (ET-1) based
model in pigs.'® This was supported with tissue analysis

and conventional imaging. Lastly, we performed hyper-
polarized MRI in healthy human volunteers to assess
the translatability of simultaneous metabolism and per-
fusion imaging.

Material and methods

Study overview

This paper contains data from preclinical work and
healthy humans. We induced ischemic stroke in pigs
by intracerebral injection of ET-1. To characterize
reperfusion after ET-1, we assessed cerebral blood
flow (CBF) every 20 minutes for 4 hours (n=3). We
ascertained that the brain was reperfused from ~1 to
3.5hours. Then, we performed hyperpolarized [1-'3C]
pyruvate MRI (n=7) before and after reperfusion
(Figure 1(a)). The experiments were approved by the
Danish Animal Inspectorate (protocol 2018-15-0201-
01411), conforms to European legislation (Directive
2010/63/EU) and are reported following the ARRIVE
guidelines. The human study was approved by the insti-
tutional review board at the University of California,
San Francisco and followed the World Medical
Association Declaration of Helsinki. Three healthy vol-
unteers (male, aged 29 to 38) were included after writ-
ten informed content. One was imaged twice, yielding
four datasets. An expanded Material and Methods sec-
tion and an overview of missing preclinical data (Table
S1) are provided in the supplement.

Pig stroke model

Ten Female Danish landrace pigs (36-44 kg, ~12 weeks
of age) were included. The pigs were anaesthetized with
propofol (3mg/kg followed by 4-8 mg/kg/h 1V) and
fentanyl (0.01 mg/kg followed by 0.035mg/kg/h 1V)
and ventilated with 30% oxygen for a target arterial
CO, of 5.0 to 5.5kPa. Catheters for monitoring, blood
sampling and injections were placed in the femoral
vein, the femoral artery and the internal jugular vein
ipsilateral to the stroke. A 2cm burr hole was drilled
1.5cm from the midline caudal to the orbit. A thin
needle (30 gauge) was inserted 1cm through the
intact dura. ET-1 (30 pg, Sigma-Aldrich) was dissolved
in saline (200 pl) and injected over 10 minutes.

Magnetic resonance imaging

MRI was performed on clinical 3 T systems (Discovery
MR750, GE Healthcare). Proton images were obtained
with standard, commercial coils. The pigs and volun-
teers underwent routine T1-weighted and T2-weighted
imaging. CBF was assessed with Arterial Spin
Labeling. In addition to these, the pigs underwent dif-
fusion weighted imaging, single-voxel spectroscopy,
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Figure |. Intracerebral injection of endothelin-1 (ET-1) in pigs causes ischemia and infarction followed by gradual reperfusion. After
intracerebral endothelin | (ET-1) injection, a magnetic resonance imaging (MRI) protocol was performed including hyperpolarized MRI
(a, GBCA = gadolinium-based contrast agent). Cerebral blood flow (CBF) was quantified with arterial spin labeling MRI (b). The
perfusion defect (CBF < 25 ml/100 ml/min) shrank from | to 3.5 hours after ET-1. Diffusion weighted MRI (DWI) and apparent
diffusion coefficient (ADC) maps showed a diffusion restriction 3.5 hours post ET-1 (c). The infarct (ADC < 620 x 10~ [mm?%/s]) grew
from | hour (ischemia) to 3.5 hours (reperfused) after ET-1. Data are shown as individual observations (n = 10) with mean £ SD. In (c),
a local regression curve was added for visualization (thick line). Tested with linear mixed-effect models.

parametric mapping, sodium imaging and dynamic sus-
ceptibility contrast (DSC) imaging during injection of a
gadolinium-based contrast agent (10ml flushed with
20 ml saline, ~5ml/s, GE Healthcare). This was omit-
ted at the l-hour timepoint to avoid effects on the
hyperpolarized imaging. Detailed scan parameters are
available in the supplement.

For concurrent perfusion and metabolic imaging, we
performed hyperpolarized [1-"*C]pyruvate MRI. After
hyperpolarization (see below), the [1-'*C]pyruvate
solution was injected intravenously at ~5ml/s
(~0.875 ml/kg for pigs, 0.43 ml/kg for volunteers) and
flushed with 20 ml saline. Spectral-spatial imaging was
started to capture the temporal dynamics of the pyru-
vate, lactate and bicarbonate resonances. For the

preclinical studies, we used a fully-sampled adaptation
of a previously described sequence employing a stack-
of-spirals readout (6°/37°/37° flip angles on pyruvate/
lactate/bicarbonate).!” It covered the entire brain with
a resolution of 1 x 1 x 1.5cm?. The temporal resolution
was 960 ms for pyruvate and 2880 ms for lactate and
bicarbonate. We used a custom-made 14-channel
receive coil with a volume transmit (RAPID
Biomedical, Germany). For the human studies, we
used a head transceiver coil and a multi-slice echo
planar imaging sequence (10°/40°/40° flip angles on
pyruvate/lactate/bicarbonate).'® Temporal resolution
was 3seconds and spatial resolution was 1.5 x 1.5
cm?. To cover the entire brain, 8 slices of 1.5cm were
acquired.
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Hyperpolarization of pyruvate

Dynamic nuclear polarization of [1-'*Clpyruvic acid
(Sigma-Aldrich) was performed in a commercial
system (SpinAligner, Polarize or SPINLab, GE
Healthcare).!” The sample was polarized for over
2hours, typically yielding polarization levels of 30-
40%. After hyperpolarization, the sample was dis-
solved and neutralized to a final concentration of
250 mM [1-"*C]pyruvate. Time to injection was ~55s
for human examinations and~10s for preclinical
examinations.

Image processing and analyses

The hyperpolarized [1-'°>C]pyruvate data were recon-
structed in MATLAB (R2019b, MathWorks). A two-
side metabolic exchange kinetic model was applied for
estimation of the first order apparent rate constant of
exchange from pyruvate to lactate (kpp).>°
Furthermore, ratios of summed signal of pyruvate to
lactate and bicarbonate were calculated.

Perfusion-weighted imaging was analyzed using
model-free deconvolution. For hyperpolarized MRI, we
used the pyruvate signal timeseries. Two to four voxels
were automatically selected for fitting of an arterial input
function.”! Mean transit time (MTT) and relative CBF
(rCBF) were computed using block-circulant singular
value decomposition. Hyperpolarized pyruvate perfusion
estimates were corrected for depolarization.'!

All images were analyzed using the imaging process-
ing software Horos (The Horos Project, Horosproject.
org). Apparent diffusion coefficient (ADC) and CBF
maps were automatically segmented using thresholding.
The perfusion defect was defined as CBF below 25ml/
100 ml/min.* Infarct core was defined as an ADC below
620 x 10~® mm?/s.*?> The penumbra was the mismatch
between the two. It disappeared with reperfusion and
was only analyzed for the ischemia timepoint. The
remaining images were segmented manually. Blinding
was impossible due to the nature of the data.

Biochemistry

To validate the arterial input function of the hyperpo-
larized MRI, arterial blood samples of ~3ml were
drawn every two seconds during the pyruvate injection
(n=3) and analyzed using a blood gas analyzer
(ABL90 FLEX PLUS, Radiometer Copenhagen,
Denmark). After sacrifice, biopsies were obtained for
analyses of lactate concentration and enzyme activities.
Plasma and biopsies were analyzed using colorimetric
assays (Sigma-Aldrich).

Statistics

Data are presented as mean + standard deviation (SD).
Normality was assessed using quantile-quantile plots.
Testing was performed with linear mixed-effect
models®® or Friedman’s test. Effect estimates are
reported with 95% confidence intervals (95% CI). All
models are reported in Table S2. Bland and Altman’s
approach was used for repeated-measures correlation
assessment.”* A local regression curve was added to
Figures 1(b), 4(a) and Sl(a) to ease interpretation.
Statistics were performed in R (R Core Team 2014,
R-project.org).

Results

Characteristics of the porcine stroke

In the pig stroke model, ET-1 caused a perfusion defect
of 8.8 +£6.4ml with a diffusion-perfusion mismatch of
4,98 +5.73ml at 1hour after injection. The perfusion
defect gradually shrank to 2.2+3.9ml at 3.5hours
after ET-1, while CBF doubled outside this defect
(Figures 1(b) and S1). The hypoperfusion caused an
infarct that grew from 3.8+1.7ml to 10.7+6.2ml
(6.8 ml growth; 95% CI, 3 to 10.8 ml; Figure 1(c)).

To facilitate interpretation of the hyperpolarized
MRI, we performed an MRI protocol for tissue char-
acterization at 1 and 3.5 hours and biochemical analy-
ses of biopsies obtained after sacrifice. As a measure of
neural viability, the N-acetylaspartate-to-creatine ratio
measured with spectroscopy decreased (—0.39; 95% CI,
—0.24 to —0.54; Figure 2(a)). The lactate-to-creatine
ratio showed an insignificant tendency to increase
(0.89; 95% CI, —0.06 to 1.81). In biopsies (Figure 2
(b)), an increased lactate concentration was found ipsi-
lateral to the infarct. Before normalization to total pro-
tein, LDH and PDH activities were 2.34 (95% CI, 0.3
to 4.4) and 2.96 (95% CI, 0.02 to 5.9) units lower than
contralateral. This difference disappeared with normal-
ization. Using parametric MRI (Figure S2), we found
no changes in T1 relaxation time with region or injec-
tion of gadolinium-based contrast. T2 was longer after
reperfusion and R2* was increased during ischemia in
the infarct, suggesting edema and ischemia, respective-
ly. With sodium MRI, we observed an initial fall in
sodium signal compared to contralateral brain (extrap-
olated to ~90% with a linear fit), which then increased
0.0009 percent points per minute (95% CI, 0.0006 to
0.001).

To monitor the systemic metabolism and cardiovas-
cular state, we recorded heart rate, blood pressure and
arterial gasses, glucose and lactate throughout the
experiment (Figure S3(a)). Of these, blood glucose
and lactate increased slightly with time. Glucose
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Figure 2. Characterization of metabolism in porcine ischemic stroke using magnetic resonance spectroscopy (MRS) and tissue
samples. Determined with single-voxel 'H MRS (a). The N-acetylaspartate-to-creatine ratio (NAA/Cr) in the infarct decreased
throughout the experiment, while lactate-to-creatine (Lac/Cr) displayed a non-significant increasing tendency. After reperfusion and
sacrifice, biopsies showed increased lactate concentration but no changes in normalized lactate dehydrogenase (LDH) or pyruvate
dehydrogenase (PDH) activity in the infarcted ipsilateral compared to the contralateral brain (b). Data (n = 6-8) are shown as
individual observations with mean + SD. Tested with linear mixed-effect models.

remained within normal, while blood lactate increased
to above 2mmol. The artery to jugular vein difference
of lactate, oxygen and carbon dioxide did not change,
while the glucose difference decreased towards zero
(Figure S3(b)).

Hyperpolarized MRI for metabolic assessment of
ischemic stroke

We performed hyperpolarized [I1-'*C]pyruvate MRI
during ischemia (before 1hour) and after reperfusion
(after 3.5hours). Times to scan were 51.8 +12.4 and
218 +43.4 minutes. The signal-to-noise ratios of tem-
porally summed data were 60.2+24.3 for pyruvate,
23+ 11.2 for lactate and 6.2+ 1.3 for bicarbonate.
Examples of raw data and a map of model-based lac-
tate-to-pyruvate exchange (kp;) are presented in
Figures 3(a) and (b) and S4. During ischemia, kpp
was 0.0125s7" (95% CI, 0.01 to 0.0149) higher in the
infarct and 0.0077s~' (95% CI, 0.0052 to 0.0101)
higher in the penumbra compared to the contralateral
hemisphere (0.0147 £0.0027s""). After reperfusion,
infarct kp; was decreased by 0.0021s~' (95% CI,
0.0004 to 0.0037) compared to contralateral (Figure 3

(c)). We found comparable results using model-free
quantification (Figure 3(d)).

Perfusion-weighted imaging of porcine stroke with
hyperpolarized pyruvate

We estimated MTT and rCBF from the hyperpolarized
pyruvate data (Figure 4(a) and (b)). The arterial input
functions from imaging and arterial sampling corre-
sponded well in two pigs and fairly in the last (Figure
S5). The baseline pyruvate concentration was 57 +
14 ng/ul, which increased to 7054 +2368 ng/ul at the
peak. Hyperpolarized pyruvate-derived rCBF values
were slightly larger compared to gadolinium DSC
imaging (1.274+0.49 vs 0.96 £0.28), but unskewed at
low and high rCBF and with decent agreement
(Figure 4(c)). MTT was considerably longer when cal-
culated from hyperpolarized pyruvate (25.3+9.4s vs
2.8+0.7s). Bland-Altman plotting revealed a bias
towards relatively longer MTTs with lower perfusion.
When comparing with arterial spin labeling MRI
(Figure 4(d)), we found that CBF correlated with
both rCBF (r=0.74; 95% CI, 0.46 to 0.88) and MTT
(r=-0,76; 95% CI, —0.9 to —0.5). Further, perfusion
defect size showed good agreement (Figure 4(e)).



Bogh et al.

2921

Penumbral characterization with hyperpolarized
pyruvate MRI

To evaluate if hyperpolarized MRI may predict pen-
umbral outcome, we compared the parts of the penum-
bra that infarcted between 1 and 3.5hours to the parts
that did not (Figure 5). The kp. was 0.0254 +
0.0064s~" in the regions that infarcted, while it was
0.0169 +0.0053s " in the regions that did not (differ-
ence 0.0085s"; 95% CI, 0.004 to 0.013). The lactate/
pyruvate ratio was increased by 0.17 (95% CI, 0.08 to
0.27). Pyruvate MTT was longer in the progressing
regions, while rCBF trended to be lower, albeit insig-
nificantly. ASL-derived CBF and ADC values were
comparable between infarcting and non-infarcting pen-
umbra (CBF difference -2.3ml/100 ml/min; 95% CI,
6.1 to 1.5 and ADC difference -33.5x 10° mm?/s;
95% CI, -71.1 to 4.2)

Imaging human metabolism and perfusion with
hyperpolarized MRI

To evaluate the translational potential of simultancous
assessment of metabolism and perfusion, we performed
hyperpolarized MRI in healthy human volunteers
(Figure 6(a)). We found kp;_ to be 0.0237+£0.0015s~"
in deep white matter and 0.0214+0.0026s "' in cortex
(Figure 6(b)). Perfusion-weighted quantification
(Figure 6(c)) of rCBF and MTT correlated with ASL
derived CBF (r=0.88; 95% CI, 0.67 to 0.96 and
r=-0.85; 95% CI, —0.95 to —0.61).

Discussion

We examined the potential of hyperpolarized [1-"°C]
pyruvate MRI for imaging of metabolism and perfu-
sion in acute ischemic stroke. We found increased
pyruvate-to-lactate exchange in ischemic regions. The
penumbra that infarcted had increased exchange to lac-
tate compared to regions of benign oligemia. Further,
perfusion estimation using the hyperpolarized pyruvate
data agreed well with perfusion measures derived from
arterial spin labeling in both pigs and humans.

We chose to use the porcine ET-1 model of acute
ischemic stroke. This approach produced an infarct
core with surrounding penumbra, lactate accumulation
and neuronal loss, followed by gradual reperfusion.
Even though widely used in rodent models, one limita-
tion of ET-1 is its potential non-ischemic effects
through receptors on some brain cells.””> However,
endovascular models are impossible due to the vascular
anatomy of the pig, and established models involve
extensive surgery. The ET-1 model is a much less inva-
sive choice.?® Further, the model eased repetition of
imaging during ischemia and after reperfusion. The

pig has some advantages over rodents. First, its size
allows use of clinical scanners. Second, its brain is gyr-
encephalic, and third, it has a high white-to-gray
matter ratio, making its metabolic demands more sim-
ilar to the human brain. This makes the pig a good
model of human stroke in imaging studies.?
Hyperpolarized [1-'*Clpyruvate MRI yields direct
metabolic information undetectable by current imag-
ing. Previous efforts have found increased exchange
between pyruvate and lactate in stroke.'*'> However,
they did not differ between the infarct core and the
penumbra. Here, we performed imaging during ische-
mia, allowing us to probe penumbral metabolism. Our
findings correspond to microdialysis studies, where the
lactate/pyruvate ratio is a marker of ischemia and dete-
rioration.?” Hyperpolarized MRI could be a viable, less
invasive and whole-brain covering alternative to micro-
dialysis, which is rarely used in stroke. Surprisingly, we
found increased bicarbonate-to-pyruvate ratios in the
ischemic areas. We speculate that decreased delivery
and changes in the extraction fraction of pyruvate
may partly explain this. However, that finding should
be interpreted with care until evaluated by other studies
due to relatively low signal. Similarly to Hyacinthe and
colleagues, we found that hyperpolarized pyruvate-to-
lactate exchange decreased below normal after reperfu-
sion despite high tissue content of lactate.'® This is
likely driven by increased pyruvate delivery from
hyperperfusion in combination with cell death. In con-
tradiction, a previous study found increased lactate
production 18 hours post-reperfusion.'* Numerous fac-
tors may cause a secondary rise in lactate production,
including inflammation,”® which is detectable with
hyperpolarized MRI.?’ Hereby, the technology may
find use in the sub-acute setting, providing monitoring
of novel immunomodulatory and neuroprotective
treatments.>® However, as we expect little inflammation
in the short duration of our experiments, the data pre-
sented here are unable to confirm that hypothesis.
Perfusion-weighted imaging with hyperpolarized
MRI was first suggested by Johansson and col-
leagues.'! It has been shown to provide reasonably
accurate perfusion estimates in kidney injury,'® healthy
hearts®! and tumors.'? But using pyruvate violates the
assumption that the tracer is not metabolized. Actually,
the arterial-venous differences of oxygen and glucose
could suggest that pyruvate could partly have replaced
glucose in our experiment. However, we found that the
blood concentration of pyruvate increased more than
100-fold to ~80mM during the first pass of the bolus,
which is used for perfusion-weighted imaging. Even
with the dose used in humans, we expect relatively
little metabolism of pyruvate due to saturation of
blood-brain barrier transport, which has a K, of 6 to
1.5mM in young and adult rats, respectively.’? But,
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Figure 3. Hyperpolarized [I-'3C]pyruvate MRI detects the metabolic consequences of ischemic stroke and reperfusion in pigs.
Hyperpolarized [1-'*C]pyruvate was injected and the pyruvate and downstream metabolites were visualized with MRI (a,

au = arbitrary unit). The anaerobic pyruvate-to-lactate exchange is sensitive to hypoxia. It was estimated through quantification of the
rate constant (kpy, (b) and (c), red ring marks infarct) and using model-free ratio approaches (d) that showed increased lactate
production during ischemia, which decreased to sub-normal levels after reperfusion. Image examples are shown as one representative
slice summed through time. Data are shown as individual observations (n =4-7) with mean =+ SD. Tested with linear mixed-effect
models. ROl is region of interest, t is time, the colon (:) marks an interaction.

however little, our perfusion estimates still carry a met-
abolic component.** In our comparison between DSC,
ASL and hyperpolarized pyruvate MRI, the different
metabolic rates of ischemic and healthy brain seems to
introduce a bias towards underestimation or overesti-
mation of perfusion, respectively. Of note, this could
also be influenced by variation in relaxation properties,
which were not considered in our density-weighted
data. Unsurprisingly, we found prolonged MTTs com-
paring hyperpolarized pyruvate to gadolinium. This is
likely the result of differences in transport kinetics and
bolus size. To further improve perfusion estimates, one
could co-polarize pyruvate with urea, which is not
metabolized.'> Also, this could elucidate potential
effects from relaxation mechanisms.** However, hyper-
polarized urea is currently not approved for human
use. Our data show that hyperpolarized pyruvate
perfusion-weighted imaging is a simple alternative
that is translatable to humans. It provides good esti-
mation of infarct size and relative perfusion quantifi-
cation while offering added metabolic insight within a
single injection.

By direct imaging of the metabolic effects of hypox-
ia, hyperpolarized pyruvate MRI could aid penumbral
characterization. Current MRI detects the perfusion-
diffusion mismatch, which is used as a surrogate of
salvageable penumbra.® But the potential of
perfusion-weighted imaging has not translated fully
into clinical impact. One explanation may be that it
fails to consider microvascular dysfunction or uncou-
pling of perfusion and metabolism. Heterogeneity or
extreme homogenization of capillary transit times
may impair oxygen extraction at a given CBF, explain-
ing the heterogeneity of penumbral outcome and diffi-
culties in defining ischemic thresholds.?>® Whether of
microvascular or macrovascular cause, direct assess-
ment of the metabolic consequences of ischemia may
allow differentiation of benign oligemia from truly
threatened tissue. We found penumbral metabolic het-
erogeneity in the form of elevated pyruvate-to-lactate
exchange and decreased pyruvate perfusion in the
regions that progressed to infarct. Of note, careful
interpretation of the metabolic estimates is warranted,
as conversion of lactate to pyruvate is neglected in the
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Figure 4. Perfusion-weighted imaging with hyperpolarized [I-'3C]pyruvate shows the perfusion changes following endothelin-1

induced stroke in pigs. Delivery of hyperpolarized [I-'*C]pyruvate was impaired during ischemia. A large signal was observed in the
sagittal sinus (a, au =arbitrary units). The time dynamics of the pyruvate signal were used to estimate perfusion via relative cerebral
blood flow (rCBF) and mean transit time (MTT) following the principles of gadolinium-based dynamic susceptibility contrast (DSC)
imaging (b). Bland-Altman plots showed that rCBF was slightly larger but unbiased compared with DSC, while MTT was much longer
and skewed (c). The perfusion measures derived from the hyperpolarized pyruvate correlate well with CBF from arterial spin labeling
MRI (ASL, d), and they showed good agreement with ASL in estimating size of the perfusion defect (e). Data examples (a and b) are
from one representative animal. Infarct and contralateral brain are marked with red and green, respectively. Data are shown as

individual observations (c, e) or mean £ SD (d). The curves were fitted as smooth local regressions (a) or linear regressions (d). As
the same animals were examined during ischemia (n = 4) and after reperfusion (n =7), the correlation analysis was performed under

consideration of dependency in data.

kinetic model, and as they are likely affected by perfu-
sion and membrane transport.’>*”-3 Thus, the quanti-
ties should not be interpreted solely as a change in
LDH flux per se, but rather as compound measures.
Interestingly, similar to the findings presented here, a
clinical microdialysis study have found an increased
lactate/pyruvate ratio in the tissue that progresses to
infarct.®® This suggests that hyperpolarized pyruvate
MRI detects larger pyruvate-to-lactate exchange in
tissue with a worse prognosis. Future studies should
evaluate if that effect is large enough, consistent and
with sufficient predictive power to be clinically rele-
vant. They may also investigate the potential of com-
plementing current advanced MRI with hyperpolarized
MRI, as it can be performed in extension to current
MRI protocols. If our findings are confirmed, the tech-
nology may aid in further individualizing patient selec-
tion beyond the time-based approach.

MRI with hyperpolarized pyruvate is translating to
research in volunteers and patients.'®***! We found

metabolic estimates comparable to previous studies,
and our data validate hyperpolarized [1-'*C]pyruvate
for  perfusion-weighted imaging in  humans.
Hyperpolarized MRI has been applied in volunteers
and patients with chronic illness, but stroke is an
acute disease where millions of neurons and synapses
die every minute. Any addition to MRI protocols must
be robust and worthwhile. Hyperpolarized MRI offers
this potential, but the technology is not ready yet, as
the process of hyperpolarization is time-consuming and
current hardware lacks reliability. This may be solved
by alternative means of hyperpolarization or by sepa-
rating hyperpolarization from dissolution.**** In addi-
tion to hardware, the imaging sequences may be
optimized. Current clinical approaches offer spatial
resolutions of 1.5 x 1.5 x 1.5cm>. Better resolution is
warranted for detection of small infarcts and infarcts
in proximity to vessels. Refocused imaging, variable
flip-angle schemes or acceleration techniques may
offer improvements.*> Of particular interest here,
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Figure 5. Hyperpolarized [I-'3C]pyruvate MRI detects higher lactate production in the infarcting penumbra in porcine stroke. From
ischemia (1 h) to the reperfused timepoint (3.5 h), the infarct expanded into the penumbra. There were no differences in cerebral
blood flow (CBF) measured with arterial spin labeling or apparent diffusion coefficient (ADC) values between the progressing (red
arrows) and the non-progressing parts (green arrow) of the penumbra (a). The parts of the penumbra that progressed to infarct
displayed a higher rate of the pyruvate-to-lactate metabolism compared to the parts of the penumbra that did not (b). This effect was
present in both model-based and model-free approaches. The relative CBF (rCBF) and mean transit time (MTT) measured with
pyruvate perfusion suggested worse perfusion in the progressing regions. Examples are from one representative animal. Data are
shown as individual observations (n =4) with mean =+ SD. Tested with linear mixed-effect models.

variable-resolution imaging may improve the resolu-
tion on pyruvate for improved perfusion
estimation without sacrifice.*® Even though partial
volume effects and logistic issues currently hinder clin-
ical use, the promise of hyperpolarized MRI could
foster solutions.

In conclusion, hyperpolarized [1-"*C]pyruvate is
capable of imaging ischemia and impaired perfusion
in a pig model of stroke. Higher pyruvate-to-lactate
exchange was found in the penumbral areas that pro-
gressed to infarct, suggesting a predictive potential for
metabolic penumbral characterization that may
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Figure 6. Hyperpolarized [I-'3C]pyruvate MRl is translatable to concurrent studies of metabolism and perfusion in healthy humans.
After injection of hyperpolarized pyruvate, pyruvate and lactate images were acquired every 3 seconds. A representative slice (first
seven time points) is shown with time curves (normalized to maximal pyruvate signal) from all volunteers (a). From these, we modeled
pyruvate-to-lactate exchange (kpi, b). Further, we estimated perfusion (c) through relative cerebral blood flow (rCBF) and mean
transit time (MTT). Both showed good correlation to arterial spin labeling MRI (ASL). Data are shown as individual observations
(n=4) with mean =+ SD. Correlation was assessed with repeated-measures analysis.

complement current MRI protocols aiming to advance
treatment personalization. Further, the technology is
capable of providing perfusion estimates with the met-
abolic assessment.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was funded by the Lundbeck Foundation
[grant number: R272-2017-4023]. Human studies were per-
formed at the UCSF Hyperpolarized MRI Technology
Resource Center with funding from NIH P41EBEB013598
and the UCSF NICO project.

Acknowledgements

We would like to acknowledge Duy Anh Dang and Mette
Dalgaard for their laboratory assistance.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

The project was designed by NB, ESSH and CL.
Experimental work and data acquisition was performed by
NB, RBO, ESSH, JWG, SKB, LBB, JDS, RAB and DBV.
Data were analyzed and interpreted by NB, RBO, ESSH,
JWG, JUB, LG, JHAL, DBV and CL. All authors revised
and approved the manuscript.

Supplemental material

Supplemental material for this article is available online.

ORCID iDs

Nikolaj Bogh (® https://orcid.org/0000-0002-0321-3269
Jeremy W Gordon (® https://orcid.org/0000-0003-2760-4886

References

1. Campbell BCV, De Silva DA, Macleod MR, et al.
Ischaemic stroke. Nat Rev Primer 2019; 5: 70.

2. Fang MC, Cutler DM and Rosen AB. Trends in throm-
bolytic use for ischemic stroke in the United States.
J Hosp Med 2010; 5: 406-409.


https://orcid.org/0000-0002-0321-3269
https://orcid.org/0000-0002-0321-3269
https://orcid.org/0000-0003-2760-4886
https://orcid.org/0000-0003-2760-4886

2926

Journal of Cerebral Blood Flow & Metabolism 41(11)

3.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Albers GW, Marks MP, Kemp S, et al. Thrombectomy
for stroke at 6 to 16 hours with selection by perfusion
imaging. N Engl J Med 2018; 378: 708-718.

. Fisher M and Bastan B. Identifying and utilizing the

ischemic penumbra. Neurology 2012; 79: S79-S85.

. Heiss W-D. The concept of the penumbra: can it be

translated to stroke management? Int J Stroke 2010; 5:
290-295.

. Demeestere J, Wouters A, Christensen S, et al. Review of

perfusion imaging in acute ischemic stroke: from time to
tissue. Stroke 2020; 51: 1017-1024.

. Mundiyanapurath S, Diatschuk S, Loebel S, et al.

Outcome of patients with proximal vessel occlusion of
the anterior circulation and DWI-PWI mismatch is
time-dependent. Eur J Radiol 2017; 91: 82-87.

. Thomalla G, Simonsen CZ, Boutitie F, et al. MRI-guided

thrombolysis for stroke with unknown time of onset.
N Engl J Med 2018; 379: 611-622.

. Nogueira RG, Jadhav AP, Haussen DC, et al

Thrombectomy 6 to 24 hours after stroke with a mis-
match between deficit and infarct. N Engl J Med 2018;
378: 11-21.

. Grist JT, Miller JJ, Zaccagna F, et al. Hyperpolarized '*C

MRI: a novel approach for probing cerebral metabolism
in health and neurological disease. J Cereb Blood Flow
Metab 2020; 40: 1137-1147.

Johansson E, Mansson S, Wirestam R, et al. Cerebral
perfusion assessment by bolus tracking using hyperpolar-
ized '3C. Magn Reson Med 2004; 51: 464-472.

von Morze C, Larson PE, Hu S, et al. Investigating
tumor perfusion and metabolism using multiple hyper-
polarized *C compounds: HP001, pyruvate and urea.
Magn Reson Imaging 2012; 30: 305-311.

Mariager CO, Lindhardt J, Nielsen PM, et al. Fractional
perfusion: a simple semi-parametric measure for hyper-
polarized *C MR. IEEE Trans Radiat Plasma Med Sci
2019; 3: 523-527.

Xu Y, Ringgaard S, Mariager CO, et al. Hyperpolarized
13C magnetic resonance imaging can detect metabolic
changes characteristic of penumbra in ischemic stroke.
Tomography 2017; 3: 67-73.

Hyacinthe JN, Buscemi L, Le TP, et al. Evaluating the
potential of hyperpolarised [1-'*C] L-lactate as a neuro-
protectant metabolic biosensor for stroke. Sci Rep 2020;
10: 5507.

Sommer CJ. Ischemic stroke: experimental models and
reality. Acta Neuropathol 2017; 133: 245-261.

Olin RB, Sanchez-Heredia JD, Schulte RF, et al. Three-
dimensional accelerated acquisition for hyperpolarized
13C MR with blipped stack-of-spirals and conjugate-
gradient SENSE. Magn Reson Med 2020; 84: 519-534.
Gordon JW, Chen HY, Autry A, et al. Translation of
carbon-13 EPI for hyperpolarized MR molecular imag-
ing of prostate and brain cancer patients. Magn Reson
Med 2019; 81: 2702-2709.

Ardenkjaer-Larsen JH, Fridlund B, Gram A, et al.
Increase in signal-to-noise ratio of > 10,000 times in
liquid-state NMR. Proc Natl Acad Sci U S A 2003;
100: 10158-10163.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

37.

Mammoli D, Gordon J, Autry A, et al. Kinetic modeling
of hyperpolarized carbon-13 pyruvate metabolism in the
human brain. IEEE Trans Med Imaging 2020; 39: 320-327.
Peruzzo D, Bertoldo A, Zanderigo F, et al
Automatic selection of arterial input function on dynam-
ic contrast-enhanced MR images. Comput Methods
Programs Biomed 2011; 104: e148—¢157.

Purushotham A, Campbell BCV, Straka M, et al.
Apparent diffusion coefficient threshold for delineation
of ischemic core. Int J Stroke 2015; 10: 348-353.

Bates D, Machler M, Bolker B, et al. Fitting linear mixed-
effects models using Ime4. J Stat Softw 2015; 67: 1-48.
Bakdash JZ and Marusich LR. Repeated measures cor-
relation. Front Psychol 2017; 8: 456.

Hostenbach S, D’haeseleer M, Kooijman R, et al. The
pathophysiological role of astrocytic endothelin-1. Prog
Neurobiol 2016; 144: 88—102.

Kaiser E and West F. Large animal ischemic stroke
models: replicating human stroke pathophysiology.
Neural Regen Res 2020; 15: 1377-1387.

Hillered L, Vespa PM and Hovda DA. Translational
neurochemical research in acute human brain injury:
the current status and potential future for cerebral micro-
dialysis. J Neurotrauma 2005; 22: 3-41.

Jayaraj RL, Azimullah S, Beiram R, et al
Neuroinflammation: friend and foe for ischemic stroke.
J Neuroinflammation 2019; 16: 142.

Guglielmetti C, Chou A, Krukowski K, et al. In vivo
metabolic imaging of traumatic brain injury. Sci Rep
2017; 7: 17525.

Stoll G and Nieswandt B. Thrombo-inflammation in
acute ischaemic stroke — implications for treatment. Nat
Rev Neurol 2019; 15: 473-481.

Fuetterer M, Busch J, Traechtler J, et al. Quantitative
myocardial first-pass cardiovascular magnetic resonance
perfusion imaging using hyperpolarized [1-'2C] pyruvate.
J Cardiovasc Magn Reson 2018; 20: 73.

Cremer JE, Cunningham VJ, Pardridge WM, et al.
Kinetics of blood-brain barrier transport of pyruvate,
lactate and glucose in suckling, weanling and adult rats.
J Neurochem 1979; 33: 439-445.

Mikkelsen EFR, Mariager CO, Norlinger T, et al.
Hyperpolarized [1-'*CJ-acetate renal metabolic clearance
rate mapping. Sci Rep 2017; 7: 16002.

Laustsen C, Norlinger TS, Hansen DC, et al
Hyperpolarized 'C urea relaxation mechanism reveals
renal changes in diabetic nephropathy. Magn Reson
Med 2016; 75: 515-518.

Ostergaard L, Jespersen SN, Mouridsen K, et al. The role
of the cerebral capillaries in acute ischemic stroke: the
extended penumbra model. J Cereb Blood Flow Metab
2013; 33: 635-648.

. Engedal TS, Hjort N, Hougaard KD, et al. Transit time

homogenization in ischemic stroke — a novel biomarker
of penumbral microvascular failure? J Cereb Blood Flow
Metab 2018; 38: 2006-2020.

Bankson JA, Walker CM, Ramirez MS, et al. Kinetic
modeling and constrained reconstruction of hyperpolar-
ized [1-13Cl-pyruvate offers improved metabolic imaging
of tumors. Cancer Res 2015; 75: 4708-4717.



Bogh et al.

2927

38.

39.

40.

41.

42.

Rao Y, Gammon S, Zacharias NM, et al. Hyperpolarized
[1-"*C]pyruvate-to-[1-'* C]lactate conversion is rate-limited
by monocarboxylate transporter-1 in the plasma mem-
brane. Proc Natl Acad Sci U S A 2020; 117: 22378-22389.
Woitzik J, Pinczolits A, Hecht N, et al. Excitotoxicity
and metabolic changes in association with infarct pro-
gression. Stroke 2014; 45: 1183-1185.

Autry AW, Gordon JW, Chen H-Y, et al
Characterization of serial hyperpolarized '*C metabolic
imaging in patients with glioma. Neuroimage Clin 2020;
27: 102323.

Grist JT, McLean MA, Riemer F, et al. Quantifying
normal human brain metabolism using hyperpolarized
[1-C]pyruvate and magnetic resonance imaging.
Neuroimage 2019; 189: 171-179.

Ji X, Bornet A, Vuichoud B, et al. Transportable hyper-
polarized metabolites. Nat Commun 2017; §: 1-7.

43.

44.

45.

46.

Capozzi A, Cheng T, Boero G, et al. Thermal annihila-
tion of photo-induced radicals following dynamic nuclear
polarization to produce transportable frozen hyperpolar-
ized 3C-substrates. Nar Commun 2017; 8: 15757.

Hirsch ML, Smith BA, Mattingly M, et al. Transport and
imaging of brute-force '*C hyperpolarization. J Magn
Reson 2015; 261: 87-94.

Gordon JW, Chen HY, Dwork N, et al. Fast imaging for
hyperpolarized MR metabolic imaging. J Magn Reson
Imaging 2021; 53: 686-702.

Gordon JW, Autry AW, Tang S, et al. A variable reso-
lution approach for improved acquisition of hyperpolar-
ized 'C metabolic MRI. Magn Reson Med 2020; 84:
2943-2952.



