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Abstract

Purpose: To investigate high-resolution hyperpolarized (HP) "*C pyruvate MRI for measuring

cerebral perfusion in the human brain.

Methods: HP [1-"C]pyruvate MRI was acquired in five healthy volunteers with a multi-
resolution EPI sequence with 7.5 x 7.5 mm? resolution for pyruvate. Perfusion parameters were
calculated from pyruvate MRI using block-circulant singular value decomposition and compared
to relative cerebral blood flow calculated from ASL. To examine regional perfusion patterns,
correlations between pyruvate and ASL perfusion were performed for whole brain, gray matter,

and white matter voxels.

Results: High resolution 7.5 x 7.5 mm? pyruvate images were used to obtain relative cerebral
blood flow (rCBF) values that were significantly positively correlated with ASL rCBF values (r
=0.48, 0.20, 0.28 for whole brain, gray matter, and white matter voxels respectively). Whole
brain voxels exhibited the highest correlation between pyruvate and ASL perfusion, and there
were distinct regional patterns of relatively high ASL and low pyruvate normalized rCBF found

across subjects.

Conclusion: Acquiring HP *C pyruvate metabolic images at higher resolution allows for finer
spatial delineation of brain structures and can be used to obtain cerebral perfusion parameters.
Pyruvate perfusion parameters were positively correlated to proton ASL perfusion values,
indicating a relationship between the two perfusion measures. This HP "*C study demonstrated
that hyperpolarized pyruvate MRI can assess cerebral metabolism and perfusion within the same

study.
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Introduction

Hyperpolarized (HP) *C pyruvate MRI is an emerging tool for non-invasive imaging of
metabolism in cancer and disease research, including brain tumors and traumatic brain injury'.
In the brain, HP [1-"*C]pyruvate is injected intravenously and rapidly converted to either lactate
or bicarbonate, which provides a measure of metabolic preference for either glycolysis or
oxidative phosphorylation, respectively. Both lactate and bicarbonate are produced in normal
brain metabolism, and an increase in lactate and decrease in bicarbonate has been observed in
brain tumor lesions'?. By measuring changes in metabolism, HP pyruvate is an emerging

imaging probe for measuring metabolic reprogramming in brain tumors.

Perfusion is also an important metric for brain tumors, used for tumor grading, tracking treatment
response, and distinguishing pseudoprogression from recurrent tumor’~’. MR perfusion imaging
types include dynamic susceptibility contrast (DSC), dynamic contrast-enhanced (DCE), and
arterial spin labeling (ASL)®. DSC and DCE involve intravenous gadolinium contrast to measure
cerebral blood flow (CBF) and capillary permeability respectively, while ASL labels inflowing
blood to measure CBF. HP pyruvate imaging is similar to these imaging techniques, involving
rapid imaging of a contrast agent that perfuses into tissue and is metabolized. HP pyruvate has
been investigated preclinically for measuring perfusion in brain tumor xenografts’, the

112 "and acute kidney injury'*'*. Recent improvement to in-plane

myocardium'®, ischemic stroke
spatial resolution (from 15 x 15 to 7.5 x 7.5 mm?) for clinical HP pyruvate research studies has
enabled better localization and quantitation of metabolic rate constants by acquiring the injected
pyruvate at a four-fold finer spatial resolution than its lower SNR metabolic products lactate and
bicarbonate'*'®. A prior study measuring pyruvate-to-lactate conversion rates (kp.) at coarse and
fine spatial resolutions demonstrated a mean difference in kp. of more than 75% for voxels near
arteries and veins due to the ability to better separate pyruvate vascular signals from intracellular
pyruvate in brain parenchyma with the finer spatial resolution'®. The improved ability to depict
the vasculature at the higher spatial resolution indicated that this approach might also be used to
provide regional perfusion metrics within the same imaging dataset. The purpose of this study

was to investigate high-resolution HP *C pyruvate MRI for measuring cerebral perfusion in the

human brain with the motivation that assessing both metabolism and perfusion within a single



hyperpolarized MRI could ultimately be valuable for monitoring changes in disease progression
and response. To assess cerebral perfusion with hyperpolarized pyruvate, high-resolution [1-
BC]pyruvate studies were acquired in healthy human brains and the resulting pyruvate perfusion

parameters were compared to 'H ASL perfusion values.

Methods

A total of six HP brain studies were performed in four healthy human volunteer subjects
following informed consent according to University of California San Francisco IRB and FDA
IND approved protocols (IRB 17-21951, IND 137553). The mean age of the subjects was 41
years (range 37-47 years) and all subjects were male. [1-"*C]Pyruvate solutions were prepared as
described previously' according to good manufacturing practice and injected after release by a
pharmacist (0.43 mL/kg dose of 250 mM pyruvate at 5 mL/s, 20 mL sterile saline flush). Studies
were performed on a 3T MR scanner (MR750, GE Healthcare) using an integrated 8-channel 'H/
24-channel "*C phased array receiver with an 8-rung low-pass "*C volume transmit coil (Rapid
Biomedical, Wiirzburg, Germany). Hyperpolarized C data were acquired with a metabolite-
selective imaging approach, using a singleband spectral-spatial RF pulse for excitation (passband
FWHM = 130 Hz, stopband = 868 Hz) and a single-shot symmetric echoplanar readout for
encoding'” (TR = 125 ms, TE = 30.7 ms, 32 x 32 matrix size, BW = £19.23 kHz, 1.064 ms echo-
spacing, and 8 slices with an axial orientation). Pyruvate was excited with a 20° flip angle and
lactate and bicarbonate were excited with a 30° flip angle. The lower flip angle for pyruvate and
higher flip angles for lactate and bicarbonate were used to reduce the saturation of pyruvate and
compensate for the lower SNR of downstream metabolites lactate and bicarbonate. The in-plane
spatial resolution for each metabolite was changed by independently scaling the encoding
gradients, resulting in 7.5 x 7.5 mm? resolution for pyruvate and 15 x 15 mm? resolution for
lactate and bicarbonate; the slice thickness was maintained at 15 mm. Pyruvate was acquired at a
higher resolution than its downstream metabolites to mitigate the tradeoff between finer spatial
resolution and detectability of low SNR metabolites. For one subject, a second HP [1-
BClpyruvate study was acquired with 15 x 15 mm? resolution for all metabolites. This constant
resolution study was only used for intra-subject comparison and was not included in correlations

of high-resolution studies. Twenty time points were acquired with a 3 s temporal resolution for a



total scan time of one minute. Data acquisition started 5 s after the end of the saline injection for
the first two subjects and immediately after the end of the saline injection for the latter two
subjects. Immediately following imaging, a non-localized spectrum was acquired to confirm the
center frequency was set correctly. For proton perfusion, 3D pulsed continuous ASL was
acquired (TR = 4846 ms, TE = 10.5 ms, FOV =256 mm, BW = 125 kHz, 2025 ms post-label
delay, and 128 x 128 x 72 matrix size, 2 X 2 x 4 mm? resolution). For anatomic reference, 'H 3D
inversion-recovery spoiled gradient-recalled echo (IR-SPGR; TR = 6.7 ms, TE = 2.5 ms, TI =
450 ms, 25.6 x 25.6 x 18.6 cm? FOV, 256 x 256 x 124 matrix size, 1 x 1 x 1.5 mm?® resolution)

images were acquired with the dual-tuned coil.

The "*C EPI data were reconstructed using the Orchestra toolbox (GE Healthcare). Multichannel
data were pre-whitened'® and then coil combined using pyruvate to estimate the coil weights®.
Denoising was performed on the coil-combined data using global-local higher-order singular
value decomposition (GL-HOSVD) as described by Kim et al. for HP *C MRI®. Lactate and
bicarbonate images were cropped and zero padded to match the pyruvate FOV and matrix size,
and signal values were normalized by voxel volume to account for the different acquisition
resolutions. To obtain relative cerebral blood flow (rCBF) maps, ASL perfusion-weighted
images were divided by proton density images*'. ASL rCBF maps were resampled to the
pyruvate voxel size using tri-linear interpolation. Gray and white matter masks were segmented
on T,-weighted images, with the cortex being excluded from the white matter masks using the
Automated Anatomical Atlas 3. Voxels containing at least 90% brain, 50% gray matter, or 50%
white matter were included in Pearson correlation analysis. Proton images were used in the FSL
FAST algorithm?® to generate brain masks, and the proton images were also summed in the slice

dimension to match the carbon slice thickness.

To remove coil shading, bias correction using N4ITK* was performed on HP "*C images. To
obtain *C bias fields, lactate area-under-curve (AUC) images were brain-masked and supplied as
input for the N4ITK algorithm using 3 layers of 100 iterations, convergence threshold of O to run
all iterations, B-spline order of 3, and a shrink factor of 1. The resulting bias fields were then

used to correct HP "*C images before perfusion calculation. Pyruvate AUC images were not used



as input for the bias correction algorithm because doing so resulted in bias maps weighted on
large blood vessels and not the intended coil shading as shown in Figure S1. ASL rCBF maps did
not require bias-correction because of the division of proton density images from the same coil.
To visually compare pyruvate and ASL rCBF maps at similar resolutions, pyruvate rCBF maps
for one subject were zerofilled twice to match ASL in-plane resolution and Fermi filtered to

remove ringing artifacts.

HP pyruvate perfusion parameters were obtained by analyzing the dynamic pyruvate images with
the Dynamic Susceptibility Contrast MRI toolbox (https://github.com/marcocastellaro/dsc-mri-
toolbox). As many as four voxels were automatically selected to fit an arterial input function®.
Relative cerebral blood volume (rCBV) was calculated by taking the integral of the dynamic
pyruvate signal normalized by the arterial input function. rCBF and mean transit time (MTT)
were calculated using block-circulant singular value decomposition and MTT was corrected for
depolarization using a single T, = 30 s*. Total carbon perfusion parameters were also calculated
using dynamic pyruvate, lactate, and bicarbonate images corrected for respective flip angles and
summed over metabolites. Voxels with pyruvate or total carbon rCBF greater than 0.25 arbitrary
units (a.u.) were excluded from correlation because the voxel locations were within the superior
sagittal sinus or cerebral arteries. Min-max normalization was used to compare pyruvate and
ASL rCBF values on the same scale. Kinetic rate constants for each voxel were computed using
an inputless two-site model to generate quantitative maps of pyruvate-to-lactate conversion (kp; )
from images that were not bias-corrected'>?’. Pyruvate area-under-curve (AUC) maps were also
generated and bias-corrected with the same bias fields used for dynamic HP "*C images. Voxel
values including ASL rCBF, pyruvate rCBF, pyruvate rCBV, pyruvate AUC, and kp; were
compared using Pearson correlation and paired two-tailed t-tests. Average correlation

coefficients were calculated using the Fisher transformation.

Results
The dynamic time-course of high-resolution 7.5 x 7.5 mm? pyruvate images in Figure 1 shows
the arrival and perfusion of the pyruvate bolus into the cerebral vessels and brain tissue. The

arterial pyruvate signal quickly decreased within the first 15 s after the bolus arrival, while the



venous signal in the superior sagittal sinus continued through the 60 s acquisition. Pyruvate

signal was higher in gray matter than in white matter.
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Figure 1. Dynamic [1-"C]pyruvate perfusion. Dynamic 7.5 x 7.5 mm? [1-"*C]pyruvate
images, area-under-curve images (), and time-course plot of arterial, venous, white matter and
gray matter voxels in a representative subject. Pyruvate signal in the middle cerebral arteries
quickly decreased within the first 15 s of the bolus arrival, while the venous signal in the superior
sagittal sinus continued through the acquisition. Pyruvate images were bias-corrected and
zerofilled once for display. Intensity units are arbitrary.

Figure 2. ASL versus [1-"C]pyruvate rCBF. Maps of relative cerebral blood flow (rCBF) from
ASL and [1-"C]pyruvate with reference proton images from a representative subject. Both rCBF
maps exhibit higher flow in the gray matter than in the white matter. Pyruvate rCBF maps have
large signals from the middle cerebral arteries and superior sagittal sinus. ASL maps were



summed in the slice direction to match the pyruvate slice thickness and brain-masked. Pyruvate
maps were zerofilled twice to match ASL in-plane resolution, Fermi filtered to remove ringing
artifacts, and brain-masked for display. All units are arbitrary.

High-resolution pyruvate images were used to calculate rCBF maps, shown in Figure 2 along
with ASL rCBF maps. Both rCBF maps were characterized by higher flow in the gray matter
than in the white matter. Pyruvate rCBF maps demonstrated large signals from the middle
cerebral arteries and the anterior and posterior portions of the superior sagittal sinus. This blood
vessel weighting is even more pronounced in pyruvate rCBF maps obtained from coarse-
resolution (15 x 15 mm?) images, as shown in Figure S2, where the greatest differences are
located near the arteries, veins, and gray matter. Total carbon rCBF was also calculated from
summed pyruvate, lactate, and bicarbonate images, with the resulting rCBF values shown in

Figure S3 being approximately the same as rCBF values calculated from pyruvate alone.
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Figure 3. Regional ASL and [1-*C]pyruvate rCBF correlations. rCBF versus ASL rCBF
linear correlation coefficients and scatterplots for voxels from all subjects (n = 4) acquired at
high resolution (n = 5), by respective mask (3024 whole brain, 1169 gray matter, and 575 white
matter voxels all from 2 central slices of the brain). Voxels with pyruvate rCBF > 0.25 a.u. were
excluded due to their being within the superior sagittal sinus and cerebral arteries. Linear
regression fits are plotted in red. Whole brain voxels exhibited the highest correlation between
pyruvate and ASL rCBF, and gray matter voxel correlations exhibited more spread than white
matter voxel correlations. Voxels with high ASL rCBF and moderate pyruvate rCBF (upper left
of whole brain and gray matter plots) were located in the precuneus region. Voxels with
moderate ASL rCBF and high pyruvate rCBF (far right of whole brain and gray matter plots)
were located near cerebral blood vessels. All correlation coefficients were significant (p <
0.0001) and all units are arbitrary.






To compare perfusion between ASL and pyruvate-derived metrics on a regional basis, we
generated linear correlation coefficients and scatterplots shown in Figure 3. Figure 3 summarizes
correlations from all subjects (n = 4) and all high-resolution studies (n = 5), by respective mask
(3024 whole-brain, 1169 gray matter, and 575 white matter voxels, all from 2 central slices of
the brain). Whole brain voxels exhibited the greatest correlation between pyruvate and ASL
rCBF, and gray matter voxels were also moderately correlated with more spread than white
matter. Voxels with high ASL rCBF and low pyruvate rCBF were located in the precuneus
region. Voxels with moderate ASL rCBF and high pyruvate rCBF were located near cerebral
blood vessels. Correlation coefficients were consistent across individual studies and brain masks,
as summarized in Table 1. High resolution pyruvate rCBF exhibited higher correlations to ASL
rCBF than coarse resolution pyruvate rCBF for all brain masks as shown in Figure S4 for two

resolutions of pyruvate data collected from the same subject.

To explore the high correlations within whole brain further, Figure 4 shows correlation plots and
coefficients for ASL versus pyruvate perfusion and metabolic parameters from whole brain
voxels from a representative study. Pyruvate rCBF, pyruvate rCBV, and pyruvate AUC were
significantly correlated to ASL rCBF and to each other. These trends were also reflected for gray
matter and white matter as shown in Tables S1-S3. Pyruvate-to-lactate conversion (kp; ) was not

correlated to ASL rCBF but was negatively correlated to pyruvate rCBF, rCBV, and AUC.

To directly examine the differences between ASL and pyruvate rCBF on a voxel-wise basis, we
calculated the percent difference of normalized ASL and pyruvate rCBF shown in Figure 5.
Normalized ASL and pyruvate rCBF measurements are more closely matched in white matter
than in gray matter. Overall normalized ASL rCBF is higher than normalized pyruvate rCBF,

particularly in the precuneus region.
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Figure 4. Multi-parametric ASL and [1-"C]pyruvate correlations. Correlation plots and
coefficients for ASL versus pyruvate perfusion and metabolic parameters from whole brain
voxels from a representative study. All coefficient values were significant (p < 0.05). Linear
regression fits are plotted in magenta. Pyruvate rCBF, rCBV, and area-under-curve (AUC) were
highly correlated to ASL rCBF. Pyruvate AUC was highly correlated with pyruvate rCBV,
which affirms AUC as a model-free perfusion metric. Pyruvate rCBF and pyruvate rCBV are
strongly correlated to each other, which is due to their calculation from the same input data.



Figure 5. Percent Difference of ASL and [1-"C]pyruvate rCBF. Percent difference map of
ASL and pyruvate normalized rCBF for all high-resolution studies. Studies 4 and 5 were
acquired two years apart from the same subject. Normalized ASL and pyruvate rCBF
measurements were more closely matched in white matter than in gray matter. The precuneus
region demonstrated consistently elevated normalized ASL rCBF as compared to pyruvate rCBF.

Discussion

In this study, we utilized high resolution pyruvate images to obtain cerebral perfusion and
metabolism parameters. The highest pyruvate signal and flow was in blood vessels, which was
reflected in pyruvate rCBF maps by high weighting near the middle cerebral arteries and the
anterior and posterior portions of the superior sagittal sinus. Pyruvate rCBF maps exhibited
higher flow in gray matter than in white matter, similar to what was observed in ASL rCBF
maps. High resolution pyruvate rCBF exhibited higher correlation to ASL rCBF than coarse

resolution pyruvate rCBF, indicating that high resolution pyruvate improves the precision of



perfusion calculation by reducing partial volume effects. These findings are supported by
previous results in Hu et al.”” comparing kinetic conversion rates calculated from high and coarse
resolution pyruvate MRI. When examining regional differences between ASL and pyruvate
rCBF, normalized white matter rCBF was closer to normalized ASL rCBF than gray matter
rCBF. This pattern was continued in the linear correlations between ASL and pyruvate rCBF,
where white matter rCBF values exhibited higher correlations than gray matter rCBF for the
majority of individual studies and for all studies combined. This correlation difference between
gray and white matter may be due to the distribution and thickness of each brain matter type in
relation to the voxel size of HP pyruvate images. The 7.5 x 7.5 mm? resolution was greater than
the thickness of cortical gray matter, which has been reported in the literature to average 2.5 mm
(range 1-4.5 mm)*. Gray matter voxels can also include cerebral blood vessels with much higher
signals, though we have attempted to exclude those voxels using a pyruvate rCBF threshold. The
white matter region is large in comparison to gray matter, which makes it a consistent region to
record measurements. In addition to partial volume effects, increased pyruvate metabolism in
gray matter as compared to white matter could contribute to the extent of pyruvate and ASL
rCBF correlation for each region®-°. HP lactate and bicarbonate signals in the precuneus were
among the highest in a topography study of normal human brains®, suggesting that elevated

metabolism in the precuneus’"*

could affect the HP pyruvate signal. We further explored
regional perfusion relationships by correlating ASL rCBF and additional pyruvate perfusion
parameters. Pyruvate AUC was strongly correlated to both ASL and pyruvate perfusion metrics

which affirms pyruvate AUC as a model-free perfusion metric.

HP pyruvate can be used to obtain both cerebral perfusion and metabolism measurements, but
this study had some limitations. In addition to perfusion, the HP pyruvate signal is affected by
magnetization utilization, T, decay, and metabolism during the acquisition time frame. The use
of the arterial input function to calculate perfusion metrics normalizes for magnetization
utilization and T, decay, and we assumed that the impact of metabolism on the bulk pyruvate
signal is negligible. To verify the impact of metabolism, we have used the total carbon-13 signal
from all HP metabolites to also calculate perfusion and found that the resulting measurements

were almost identical to those calculated from only pyruvate signals. To remove coil shading in



HP images, lactate AUC images were used in N4ITK bias correction to generate bias field maps.
Pyruvate AUC images were not used because doing so resulted in bias fields heavily weighted by
large pyruvate signals in the anterior and posterior portions of the superior sagittal sinus as
shown in Figure S1. The number of datasets in this study was limited and we plan to acquire
datasets in a larger cohort to refine our results and provide further evidence establishing the value

of high resolution HP pyruvate MRI.

This work is the first to use high resolution HP pyruvate images to estimate perfusion in human
brains. Preclinical studies have used HP pyruvate to measure cerebral perfusion®'?, as well as co-
polarizations of pyruvate and urea for simultaneous metabolism and perfusion measurements®-*,
BC-labeled urea is a perfusion agent that is currently under investigation in human studies and
may offer a promising means of improving the HP perfusion measurements shown here®.
Because urea functions as a metabolically inactive and extracellular perfusion agent, its signal
represents blood flow and perfusion without the effects of metabolic conversion®**’. With the
combination of high-resolution imaging'®, denoising®, and bias correction*, HP pyruvate

provides spatially detailed and unique perfusion measurements that have further opportunities for

enhancement with co-polarized urea.

While there was high correlation between the overall ASL and [1-"*C]pyruvate rCBF, regional
variations in the rCBF measured with the two approaches may provide insight into regions of
elevated or altered metabolism that could augment the standard radiometric and kinetic modeling
analyses. Indeed, a recent study by Grist et al. introduced a metabolic clearance rate and
fractional metabolism analysis framework for HP '*C MRI, which combines the CBF values
from gadolinium and pyruvate imaging to determine the relative contribution of metabolism to
the pyruvate signal'?. This approach would be applicable to the ASL and pyruvate data acquired
here and could also be readily performed using co-polarized pyruvate and urea imaging™,

reducing the need for a separate Gd injection and/or a separate perfusion-weighted scan.

Conclusions



Acquiring HP "*C pyruvate metabolic images at high resolution allows for finer spatial
delineation of brain structures and can be used to obtain cerebral perfusion parameters. Pyruvate
perfusion parameters were positively correlated to proton ASL perfusion values, indicating a
relationship between the two perfusion measures. This HP "*C study showed that hyperpolarized

pyruvate MRI can be used to assess cerebral metabolism and perfusion within the same study.
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Table

Table 1. Regional rCBF correlation coefficients for pyruvate rCBF and ASL rCBF.

Study Whole brain Gray matter White matter
1 0.61 0.36 0.37
2 0.63 0.24 0.32
3 0.38 0.38 0.26
4 0.41 0.12 0.46
5 0.44 0.17 0.34
Average 0.50 + 0.12 0.26 = 0.11 0.35 = 0.07




Note: All Pearson correlation coefficients were significant (p < 107). Studies 4 and 5 were
acquired two years apart from the same subject. Averages were calculated using Fisher
transformation.

Figure Legends

Figure 1. Dynamic [1-"*C]pyruvate perfusion. Dynamic 7.5 x 7.5 mm? [1-"*C]pyruvate images,
area-under-curve images (X), and time-course plot of arterial, venous, white matter and gray
matter voxels in a representative subject. Pyruvate signal in the middle cerebral arteries quickly
decreased within the first 15 s of the bolus arrival, while the venous signal in the superior sagittal
sinus continued through the acquisition. Pyruvate images were bias-corrected and zerofilled once
for display. Intensity units are arbitrary.

Figure 2. ASL versus [1-"*C]pyruvate rCBF. Maps of relative cerebral blood flow (rCBF) from
ASL and [1-"C]pyruvate with reference proton images from a representative subject. Both rCBF
maps exhibit higher flow in the gray matter than in the white matter. Pyruvate rCBF maps have
large signals from the middle cerebral arteries and superior sagittal sinus. ASL maps were
summed in the slice direction to match the pyruvate slice thickness and brain-masked. Pyruvate
maps were zerofilled twice to match ASL in-plane resolution, Fermi filtered to remove ringing
artifacts, and brain-masked for display. All units are arbitrary.

Figure 3. Regional ASL and [1-"C]pyruvate rCBF correlations. rCBF versus ASL rCBF linear
correlation coefficients and scatterplots for voxels from all subjects (n = 4) acquired at high
resolution (n = 5), by respective mask (3024 whole brain, 1169 gray matter, and 575 white
matter voxels all from 2 central slices of the brain). Voxels with pyruvate rCBF > 0.25 a.u. were
excluded due to their being within the superior sagittal sinus and cerebral arteries. Linear
regression fits are plotted in red. Whole brain voxels exhibited the highest correlation between
pyruvate and ASL rCBF, and gray matter voxel correlations exhibited more spread than white
matter voxel correlations. Voxels with high ASL rCBF and moderate pyruvate rCBF (upper left
of whole brain and gray matter plots) were located in the precuneus region. Voxels with
moderate ASL rCBF and high pyruvate rCBF (far right of whole brain and gray matter plots)
were located near cerebral blood vessels. All correlation coefficients were significant (p <
0.0001) and all units are arbitrary.

Figure 4. Multi-parametric ASL and [1-"*C]pyruvate correlations. Correlation plots and
coefficients for ASL versus pyruvate perfusion and metabolic parameters from whole brain
voxels from a representative study. All coefficient values were significant (p < 0.05). Linear
regression fits are plotted in magenta. Pyruvate rCBF, rCBV, and area-under-curve (AUC) were
highly correlated to ASL rCBF. Pyruvate AUC was highly correlated with pyruvate rCBV,



which affirms AUC as a model-free perfusion metric. Pyruvate rCBF and pyruvate rCBV are
strongly correlated to each other, which is due to their calculation from the same input data.

Figure 5. Percent Difference of ASL and [1-"*C]pyruvate rCBF. Percent difference map of ASL
and pyruvate normalized rCBF for all high-resolution studies. Studies 4 and 5 were acquired two
years apart from the same subject. Normalized ASL and pyruvate rCBF measurements were
more closely matched in white matter than in gray matter. The precuneus region demonstrated
consistently elevated normalized ASL rCBF as compared to pyruvate rCBF.

Supporting Information Legends

Figure S1. Comparison of bias fields generated from pyruvate area-under-curve (AUC) versus
lactate AUC. The pyruvate bias field is weighted primarily in the anterior and posterior portions
of the superior sagittal sinus. The lactate bias field is qualitatively similar to the expected coil
profile with weighting around the edges of the brain. Intensity values have arbitrary units.

Figure S2. Coarse versus high resolution [1-"*C]pyruvate rCBF. Comparison of pyruvate rCBF
from coarse (15 x 15 mm?) and high resolution (7.5 x 7.5 mm?) [1-"*C]pyruvate datasets from the
same subject. Pyruvate rCBF from coarse resolution images was an average of 5% higher than
pyruvate rCBF from high resolution images, with the highest differences located near the
arteries, veins, and gray matter.

Figure S3. Regional [1-"*C]pyruvate and total carbon rCBF correlations. Pyruvate rCBF versus
total carbon rCBF correlation coefficients and scatterplots for voxels from all subjects (n = 4)
acquired at high resolution (n = 5), by respective mask (3006 whole brain, 1162 gray matter, and
575 white matter voxels all from 2 central slices of the brain). Total carbon rCBF was calculated
using summed pyruvate, lactate, and bicarbonate images. Linear regression fits are plotted in red.
Total carbon rCBF and pyruvate rCBF correlation was nearly equal to 1. All units are arbitrary.

Figure S4. Regional ASL and [1-"C]pyruvate rCBF correlations for coarse and high pyruvate
resolution data acquired in the same subject. Pyruvate rCBF versus ASL rCBF linear correlation
coefficients and scatterplots for voxels from one subject acquired at coarse and high resolutions,
by respective mask (666 whole brain, 145 gray matter, and 142 white matter voxels all from 2
central slices of the brain). The 15 X 15 X 15 mm? coarse resolution pyruvate rCBF correlations
with ASL rCBF are all lower than the 7.5 X 7.5 X 15 mm?high resolution pyruvate rCBF
correlations. For the whole brain correlations, several coarse resolution voxels exhibited high
pyruvate rCBF > 0.1 a.u. while only one high resolution voxel exhibited pyruvate rCBF > 0.1
a.u., indicating a reduction in partial volume effects from cerebral blood vessels for high
resolution pyruvate data. Voxels with pyruvate rCBF > 0.25 a.u. were excluded due to their



being within the superior sagittal sinus and cerebral arteries. Asteriks indicate significant
correlation coefficients (p < 0.05).

Table S1. Study wise averages and standard deviations (n = 5) of Pearson correlation coefficients
for whole brain voxels. Averages were calculated using Fisher transformation.

Table S2. Study wise averages and standard deviations (n = 5) of Pearson correlation coefficients
for gray matter voxels. Averages were calculated using Fisher transformation.

Table S3. Study wise averages and standard deviations (n = 5) of Pearson correlation coefficients
for white matter voxels. Averages were calculated using Fisher transformation.
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