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Abstract

Purpose—To investigate pulmonary metabolic alterations during progression of acute lung
injury.

Methods—uUsing hyperpolarized [1-13C] pyruvate imaging, we measured pulmonary lactate and
pyruvate in fifteen ventilated rats one, two and four hours after initiation of mechanical ventilation.
Lung compliance was used as a marker for injury progression. Five untreated rats were used as
controls; five rats (injured-1) received 1 ml/kg and another five rats (injured-2) received 2 ml/kg
hydrochloric acid (pH 1.25) in the trachea at 70 minutes.

Results—The mean lactate-to-pyruvate ratio of the injured-1 cohort was 0.15+0.02 and
0.15+0.03 at baseline and one hour after the injury, and significantly increased from the baseline
value three hours after the injury to 0.23+0.02 (p=0.002). The mean lactate-to-pyruvate ratio of the
injured-2 cohort decreased from 0.14+0.03 at baseline to 0.08+0.02 one hour after the injury and
further decreased to 0.07+0.02 (p=0.08) three hours after injury. No significant change was
observed in the control group. Compliance in both injured groups decreased significantly after the

injury (p<0.01).

Conclusion—Our findings suggest that in severe cases of lung injury, edema and hyperperfusion
in the injured lung tissue may complicate interpretation of the pulmonary lactate-to-pyruvate ratio
as a marker of inflammation. However, combining the lactate-to-pyruvate ratio with pulmonary
compliance provides more insight into the progression of the injury and its severity.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is diagnosed in approximately 200,000 patients
each year in the US, and proves fatal 40% of the time (1,2). Lung injury in ARDS is
characterized by an inflammatory response that propagates in the lungs, causing capillary
leakage and impaired gas exchange (2—4). ARDS is managed in the intensive care unit
through careful optimization of mechanical ventilation to protect the lungs from ventilator-
induced injury (2,5) as existing ventilator protocols are currently not designed to limit the
spread of inflammation (2,3). Early detection of lung injury through inflammatory markers
may thereby lead to improved outcomes through appropriate interventions.

Several imaging modalities such as computed tomography (CT), contrast-enhanced proton
MRI and hyperpolarized MRI have been used to investigate lung injury (5-9). In our
previous studies using serial CT imaging (5), we were able to visualize the spatial
propagation of radiological abnormalities in the early stages of experimental injury. Other
studies used hyperpolarized gas MRI to quantify alterations in the lung microstructure
during mechanical ventilation (10) and lung inflammation (11,12). Although these imaging
modalities elucidate the structural and functional manifestations of inflammation, they do
not target the metabolic and molecular processes that drive these changes. Positron emission
tomography (PET) provides visualization of metabolic changes due to lung inflammation
(13-18), but this approach is limited to examining abnormalities in the uptake of the glucose
analogue fluorodeoxyglucose, and is unable to reveal changes in downstream metabolism
that may be crucial to the evolution of inflammation (19-21). Understanding these
downstream pathways may open the road to new therapeutic approaches aimed at
controlling inflammation or attenuating its consequences in the early stages (22).

Hyperpolarized carbon-13 NMR highlights changes in cellularity and metabolic pathways
by quantifying downstream metabolites through their unique carbon-13 chemical shift. The
temporarily enhanced carbon-13 NMR signal of hyperpolarized agents, made possible by
dynamic nuclear polarization (DNP) (23), provides a sensitive molecular imaging probe to
noninvasively interrogate molecular pathways and overall energy needs (24-26). Recent
efforts have demonstrated the utility of this technology to probe alterations of metabolism
(27-30) and pH (31) in the lungs. These studies have shown that the rate of hyperpolarized
lactate labeling after injection of hyperpolarized [1-13C] pyruvate in acutely inflamed lungs
significantly increases. However, published work does not address the time course of early
metabolic changes due to lung injury. In this study, we hypothesized that hyperpolarized
[1-13C] pyruvate imaging can be used to monitor progressive changes in downstream
pyruvate metabolism due to progression of experimental lung injury induced by acid-
aspiration.
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METHODS

Animal preparation and injury protocol

A total of seventeen male Sprague Dawley rats (335+45 g) were used for this study (5
healthy, 12 injured). All animal procedures were approved by the Institutional Animal Care
and Use Committee (IUCAC) of the University of Pennsylvania (Philadelphia, PA). General
anesthesia was induced (40-60 mg/kg) and maintained (20 mg/kg) through intra-peritoneal
administration of sodium pentobarbital every 60 minutes. The trachea was intubated with a
2-inch long, 14 gauge angiocatheter (BD, Franklin Lakes, NJ) with a sealant (UHU Tac
adhesive putty; Saunders Mfg. Co. Readfield, ME) placed around the glottis to prevent gas
from leaking out of the lungs. Rats were then connected to either a custom-built MR-
compatible small animal ventilator or a VentElite small animal ventilator (Harvard
Apparatus) and were ventilated with 100% oxygen in supine position. Animals were placed
in the magnet within 10 minutes of the beginning of ventilation (t=10 min). Ventilation
parameters were 8.1+0.6 ml/kg tidal volume and 8+2 cmH,O positive end expiratory
pressure (PEEP) to prevent atelectasis (alveolar collapse) and minimize ventilator-induced
injury (32). Animals remained on this ventilator setting for the remainder of the study (3-4
hours) except during imaging acquisition and shimming for which PEEP was briefly reduced
to 0 cmH,0 to improve field homogeneity. Peak inspiratory pressure (PIP) was monitored
using an MR-compatible pressure sensor (Samba Sensors). The body temperature was
monitored using a rectal thermometer and adjusted using warm air. The blood oxygen
saturation level was monitored using a pulse oximeter during the scan to ensure sufficient
oxygenation (SpO, > 90%).

Injury was induced in twelve animals by intratracheal instillation of pH 1.25 hydrochloric
acid (HCI) 70 minutes after the beginning of ventilation similar to the injury protocol used in
(5); Five animals (injured-1) received 1ml/kg HCI and another seven animals (injured-2)
received 2ml/kg HCI to induce more severe injury. After instillation of the acid, mechanical
ventilation was resumed.

Pulmonary Compliance Measurement

Dynamic pulmonary compliance before each injection was calculated as the ratio of PIP to
tidal volume in the absence of positive end-expiratory pressure and was used as a marker for

lung injury (1,5)

Hyperpolarization

Pyruvate samples were prepared by mixing 14 M [1-13C] pyruvate (Cambridge Isotopes), 15
mM OX063 radical (GE Healthcare) and 1.5 mM of Dotarem (Guerbet LLC). 22 pL aliquots
were polarized using a commercial HyperSense DNP polarizer (Oxford Instruments) for
approximately one hour. Samples were melted with 4 mL dissolution buffer (80 mM NaOH,
40 mM Trizma buffer, 50 mM NaCl and 0.1 mg/L EDTA) at 10 bar pressure and 180 °C to
yield 80 mM isotonic neutral polarized [1-13C] pyruvate at 37 °C. Polarization was estimated
to be 20+6% for the studies based on the solid-state build up curve and separate
measurements. Samples were transferred to the animal within approximately 10 seconds of
dissolution and 6.7+1.9 ml/kg were administered through the tail vein over 10+2 seconds.
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This was followed by a 300-pL saline dose over 2 seconds to flush the pyruvate from the
catheter’s dead volume. To minimize respiratory motion during data acquisition, a 10-second
breath-hold was applied using the ventilator and data acquisition was initiated 12+1 seconds
after the end of injection.

MRI/MR Spectroscopic Imaging (MRSI)

All animals were imaged using a dual-tuned 1H/13C quadrature transmit/receive birdcage
coil (m2m) in a 4.7T horizontal-bore magnet (Varian Inc.) equipped with a direct drive
console. Axial and coronal Tq-weighted proton images were acquired as anatomical
references and to monitor the progression of the injury using a multi-slice gradient echo
sequence. Imaging parameters were TR/TE=80/1.5 ms, a=20°, 128x128 matrix size, 60x60
mm? in-plane field of view (FOV), 100 kHz bandwidth and 16 averages. A total of 16 slices,
2 mm thick each, were acquired to cover the lungs. Manual shimming was carried out at the
end of expiration using a slice-selective pulse-and-acquire sequence over a 15-mm axial
slice covering the lungs.

A summary of the hyperpolarized carbon-13 imaging studies is shown in Figure 1. Fifteen
animals were used for this study (5 healthy, 5 injured-1 and 5 injured-2). Each animal
received three injections of hyperpolarized pyruvate at 60+6, 133+4 and 230£11 minutes
after the start of ventilation except for one injured rat (injured-2) that did not survive until
the third injection. Both injured cohorts (injured-1 and injured-2) received intratracheal HCI
70 minutes after starting ventilation as described earlier. Chemical shift imaging (CSI) was
performed using a 2D slice selective phase-encoded free-induction decay chemical shift
imaging (FID-CSI) imaging pulse sequence. Imaging parameters were TR=35 ms, 32 ms
sampling time, a=12° excitation with a 200-pus Gaussian RF pulse, 16x16 matrix size, 128
spectral points, 4 kHz spectral bandwidth, 45x45 mm? in-plane FOV and 15 mm slice
thickness with a total acquisition time of 9 seconds. This yielded a nominal in-plane spatial
resolution of 2.8x2.8 mm?2. The remaining transverse magnetization at the end of each
acquisition was de-phased using a 2.5-ms crusher gradient (6.5 G/cm). A 5-mm NMR tube
containing 15 M solution of labeled 13C urea and 5 mM gadolinium (Gd) (Omniscan, GE
Healthcare) was placed in the coil next to the rat for flip angle calibration of the carbon-13
channel. A custom-designed outward spiral k-space trajectory was used in which the center
of k-space was remeasured every eleventh excitation (33).

MRI Data processing

All data were processed using custom routines programmed in MATLAB 2014a
(MathWorks, Inc.). A 30 Hz exponential line broadening was applied to the individual FIDs.
The spatially resolved spectra were computed by applying a 3D Fourier transform to the
broadened data. The periodic acquisition of the k-space center (ky=0) as described in the
previous section allowed pyruvate and its metabolites’ time-dependences to be observed
independently. These time-dependences then were used to compensate for the signal loss
due to T1 decay and other factors through amplitude normalization. This mitigated the
associated blurring artifact to improve localization of the spectra. Global first order and local
zero order phase corrections were applied to the real part of the spectra in each voxel
followed by a 4™ order polynomial baseline correction. For each spectrum, the pyruvate
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peak was fit to a Lorentzian function. The linewidth and the chemical shift estimates were
used to fit individual Lorentzian functions to the metabolite peaks (lactate, pyruvate hydrate,
bicarbonate and alanine). Metabolite maps were generated by integrating the area under the
peak of the corresponding fit Lorentzian. Processed metabolite maps were converted to
DICOM format and overlaid on their corresponding proton images using OsiriX 7.1
(Pixmeo SARL, Switzerland). On average, 12 voxels covering the lungs were manually
selected from the MRSI/proton overlays and average pyruvate and lactate values for the lung
were calculated. Average pulmonary lactate-to-pyruvate ratios were obtained by dividing the
average lactate and pyruvate signals obtained from the selected voxels. We omitted
quantification of alanine and bicarbonate metabolites in the lungs since their intensities are
too low for accurate quantification.

Statistical Analysis

RESULTS

Average pulmonary pyruvate and lactate signals, lactate-to-pyruvate ratios and pulmonary
compliances were exported to R (R Development Core Team, 2005) for statistical analysis.
Mean values and standard errors of the pulmonary metabolite ratios and pulmonary
compliance at each time point were computed for each of the three study cohorts. Two-way
repeated ANOVA was used to test statistical significance between pulmonary compliance
and the average pulmonary lactate-to-pyruvate ratio among different cohorts and injection
times. Two-sample paired, two-tailed student’s t-tests were used for post hoc analysis for
each cohort to identify statistical significance between different injections. Two-sample
unequal variance, two-tailed student’s t-tests were used for each injection to assess statistical
significance between the cohorts.

Hyperpolarized carbon-13 studies

Figures 2A—C show representative spectroscopic images overlaid on the corresponding
proton images in healthy, injured-1 and injured-2 lungs. After lung injury, edematous
regions are clearly visible in the posterior regions of the lungs in both injured-1 and
injured-2 rats (Figs. 2B and 2C). Figures 2D-I show the close-up view of the average of the
spectra in the posterior and anterior voxels in the lungs outlined in 2A-C for the healthy,
injured-1 and injured-2 lungs. The average pyruvate linewidth in the healthy, injured-1 and
injured-2 lungs were estimated (by the fit described in the methods section) to be 126+31Hz
(2.5+£0.6ppm), 97+41Hz (1.9+0.8ppm) and 57+12Hz (1.2+0.2ppm), respectively.
Additionally, the pyruvate signal in both visibly edematous and non-edematous regions of
the injured-2 lung increased relative to the signal in the heart after injury, as can be seen in
Figs. 2H-1. While the pyruvate signal seemed to increase only in the posterior region of the
injured-1 lung, as seen in figure Fig. 2F, the lactate signal increased in both anterior and
posterior regions (Figs. 2F-G). The pyruvate and lactate signal are visually similar between
anterior and posterior regions of the control lung (Figs. 2 D-E). The signal-to-noise ratio
(SNR) of the pyruvate and lactate peaks in the spectrum obtained by averaging over the
lungs was 245+70 and 58+16 for the healthy animals and 340£190 and 99+45 for the
injured rats respectively. Similarly, the SNR of pyruvate and lactate peaks in the individual
voxels was 93+24 and 2145 for the healthy and 117+63 and 31+12 for the injured rats.
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Figure 3 shows representative pyruvate and lactate maps at 60 and 240 minutes after the start
of ventilation in rats from the control (left panel), injured-1 (middle panel) and injured-2
(right panel) cohorts. The pyruvate and lactate maps are superimposed on the corresponding
proton images and are scaled to their own maximum intensity (the color map represents the
intensity as fraction of the maximum value in that image). The lactate and pyruvate maps
show the outline of the heart and the major vasculature in the lungs. In the control rat, there
is no significant change in the pyruvate and lactate maps at these time points, indicating no
detectable alteration in the lung metabolism or perfusion. In the injured-1 animal, the middle
panel shows significant increase in both lactate and pyruvate signals. The left panel shows a
similar pattern for the injured-2 rat; however, the pyruvate signal in the lungs increased
much more significantly relative to the heart.

Figure 4A shows the average pulmonary lactate-to-pyruvate ratio for the three cohorts
measured for each injection time point. There was a statistically significant difference
between the lactate-to-pyruvate ratios of the three groups (F» 36=17.34, p<0.005). Further
post hoc analysis revealed that there was no significant difference between metabolite ratios
of the cohorts before the instillation of HCI as illustrated in Fig. 4A. There was no observed
difference between the lactate-to-pyruvate ratio of the injured-1 and control cohorts at the
second injection (p=0.4). The lactate-to-pyruvate ratio of the injured-2 cohort was 48%
lower than the control group at this time point, although this difference did not reach the
level of statistical significance (p=0.06). The average lactate-to-pyruvate ratio of the
injured-1 cohort at the third injection time point was significantly higher than in the healthy
(1p=0.005) and injured-2 (p<0.0001) cohorts. However, at the same time point, this ratio was
significantly /owerin the injured-2 cohort than in the control group (p=0.05). Figures 4B-D
depict the time evolution of the lactate-to-pyruvate ratio for each cohort (mean and
individual values) at different time points. Figure 4B shows that the lactate-to-pyruvate ratio
of the control cohort remains unchanged in time. The lactate-to-pyruvate ratio of the
injured-1 cohort (Fig. 4C) is not significantly different from baseline at the second injection
time point (~1 hour after the injury); however, it increases significantly by the third injection
time point (~3 hours after the injury) relative to baseline (p=0.002). The average lactate-to-
pyruvate ratio of the injured-2 (Fig. 5D) cohort continuously declines at the second (p=0.18)
and third (p=0.08) injection time points relative to the cohort’s baseline ratio.

Figures 5A and 5B depict the average pyruvate and lactate signal intensities for all three
cohorts at different time points. The intensities reported are normalized to the last solid state
NMR signal level measured by the polarizer’s polarimeter to account for variability in
sample composition, freezing dynamics and polarizer operation. Figure 5A demonstrates
that the average pyruvate signal in the injured-2 cohort is larger than in the healthy and
injured-1 cohorts, although the variability of the absolute signal is large enough that this
difference did not reach the level of significance (F; 36= 2.25, p=0.12). Figure 5B shows that
the absolute lactate signal of the injured-1 rats is larger than that of the other cohorts at the
third injection time-point. There was no significant difference among the cohorts’ absolute
lactate signals at any injection time point (F, 3= 2.78, p=0.18).
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Pulmonary compliance

Figure 6A shows the average of the pulmonary compliances for the three cohorts before
each injection. There was significant difference in compliance for the three groups
(F2,36=56.12, p<0.0001). Further post hoc analysis showed that there was no significant
difference among the pulmonary compliance of the three cohorts before the instillation of
the HCI before the first injection time point at 60 minutes. The compliance of both injured
cohorts before the second and third injections was significantly lower than the control group
(p<0.01). There was no significant difference between the compliance of the injured cohorts
before the second (p=0.76) and third (p=0.16) injection time points.

Figures 6B-D depict the time evolution of compliance for each cohort (mean and individual
values) before each injection. Figures 6C and 6D illustrate that at the second injection time
point pulmonary compliance had decreased significantly from the baseline value in both
injured cohorts (p<0.005) and had decreased even further by the time of the third injection

(p<0.05).

The lactate-to-pyruvate ratios vs. pulmonary compliance for each animal in all three cohorts
and three injection time points are plotted in Figs. 7A-C. The inner ellipses represent the
95% confidence interval of each cohort and show no segregation among the cohorts after the
first injection. The second and third injections, on the other hand, show partial and complete
delineation of all three cohorts, respectively.

DISCUSSION

We report enhanced lactate and pyruvate signal in the lungs after lung injury. In lungs
instilled with 1ml/kg HCI we observed a significant increase in the lactate-to-pyruvate ratio
3 hours after the injury. In contrast, in lungs instilled with 2ml/kg HCI, we found a
progressive decrease in the lactate-to-pyruvate ratio starting at one hour after the injury. The
latter observation is likely due to greatly increased pyruvate levels in the hyperperfused
lungs as seen in Figs. 2-3. This supposition is supported by earlier findings that showed an
increased lung permeability index (34) and an increased pulmonary blood flow using PET
(35). Despite significant variability among the cohorts’ lactate-to-pyruvate ratio trends
during injury progression, a combination of the lactate-to-pyruvate ratio with lung
compliance provides a reliable means to separate the cohorts at the third injection time point.

The decline in pulmonary compliance after injury (Fig. 6) is a clinically relevant indicator of
lung injury (1). Accumulation of excess fluid in the extracellular matrix and thickening of
the alveolar walls associated with edema and inflammation give rise to this change in the
mechanical characteristics of the lungs (36). The significant decrease in the lung compliance
within the first hour (figure 6) is due to the reduced airspace volume arising from both the
initial acid delivery and the subsequent collection of fluid in the lungs at the onset of acute
injury (34). Although no significant difference was observed between the lung compliance in
the injured-1 and injured-2 cohorts within the first hour, the exacerbation of the injury in
both injured groups is evidenced by the significant decline of the pulmonary compliance
between the second and third injection time points as shown in Figs. 6C and 6D and is
suggestive of further thickening of the alveolar walls and progression of inflammation (34).
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This observation is also consistent with the hyperpolarized xenon-129 studies showing
thickening of the alveolar walls in the presence of inflammation (11,12).

The elevation of the lactate signal after injury is visible in Fig. 5, and is likely due to
infiltration of metabolically active neutrophils in the lungs, which in early stages is known to
be a consequence of an innate inflammatory response (27,37), although some of the increase
could also be attributed to local hypoxia in edematous regions. The observed lactate
elevation had a prominent dependent (dorsal) distribution, which can be explained by
multiple factors. First, the model included HCI injection in the supine position, which likely
favored a dorsal distribution of the early lesions as shown in our published studies (5).
Second, dorsal hyperperfusion is characteristic of acute lung injury (38) and is likely to
preferentially increase neutrophil density and extravasation in these areas of the lungs (39).
Itis likely that a higher tissue density, due to atelectasis and edema accumulation, increased
both lactate and pyruvate signal in the dorsal regions, as images were not normalized for
proton density. Lastly, incomplete recruitment of atelectatic regions during mechanical
ventilation worsens injury despite the use of relatively high PEEP and low tidal volume to
minimize both atelectasis and ventilator-induced stress (39,40). This is evident in the
significant decline of the injured cohorts’ compliance between the second and third injection
time points.

Absolute concentration quantification of the metabolites (lactate, pyruvate, etc.) from the
intensity of their corresponding signals is not trivial due to the variability in polarization
levels and experimental setup. This is demonstrated in Fig. 6, which exhibits a large
variability in the absolute signal level of the pyruvate and lactate species. To reduce this
sensitivity to experimental and physiological conditions, the lactate-to-pyruvate ratio can be
used instead to highlight increased glycolytic activity (24). Increased glycolysis is expected
and has been previously demonstrated under conditions of anaerobic metabolism and
inflammatory cell recruitment found in acute injury (13,21,28,39,41). As such, the
significant increase in the lactate-to-pyruvate ratio observed at the third injection time point
in the injured-1 cohort (Fig. 5A) is a surrogate for increased glycolytic activity. On the other
hand, the decreased lactate-to-pyruvate ratio observed in the lungs after injury in the
injured-2 rats is at odds with the observed regional lactate elevation. To explain this
discrepancy, we postulate that locally increased pyruvate concentration, rather than
decreased lactate production, was responsible for the low lactate-to-pyruvate in severely
injured rats. The increased pyruvate concentration is due to the retention of hyperpolarized
pyruvate in the extracellular space of edematous lungs (35),

Figure 6A depicts this time-dependent increase in the average pyruvate signal for the
injured-2 cohort. Despite the increased availability of hyperpolarized pyruvate, its uptake at
the super-physiological concentrations achieved with our injection protocol is limited by
monocarboxylate transporter capacity (42,43), and conversion to lactate is limited by lactate
dehydrogenase enzyme turnover and the rate at which the cofactor NADH can be
regenerated (42). As a consequence, the presence of excess pyruvate in the lung tissue does
not increase the lactate signal in proportion. Furthermore, the excessive accumulation of
extracellular fluid in severe lung injury leads to regions of low cellular density in which
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pyruvate may also accumulate, but metabolism is limited by large diffusion distances that
limit delivery and transport of pyruvate into the cells (36,44).

The discrepancy between the time dependence of the lactate-to-pyruvate ratio in the injured
cohorts complicates its interpretation as a single marker to assess the progression of
pulmonary injury and development of inflammation. On the other hand, Fig. 6 illustrates that
despite the difference between the amount of HCl instilled in the injured cohorts, there was
no significant difference between the average pulmonary compliance of the injured cohorts;
regardless of the injury, the compliance declines significantly throughout the course of
injury. The difference between compliance in the injured and healthy animals, and the
significant difference among the lactate-to-pyruvate ratio in the three cohorts at the third
injection time point (Fig. 5A) suggest that the combination of lactate-to-pyruvate and
compliance may enable us to better characterize the type and severity of the initial injury.
Figure 7A shows great overlap among the 95% confidence regions of all three cohorts on the
lactate-to-pyruvate vs. compliance graph at the first injection time point indicating no
statistically significant difference between cohorts. However, as the injury progresses, each
cohort follows a different trajectory on this graph, to the extent that there is a remarkable
separation among the confidence regions of the cohorts at the third injection time point. This
suggests that the lactate-to-pyruvate ratio provides information on the cellularity of the
perfused lung volume, without which, there may be ambiguity that arises from changes in
the pulmonary physiology and perfusion throughout the progression of injury.

In general, metabolic imaging of the lungs is challenging due to severe By inhomogeneity,
low tissue density and the lung’s modest overall energy needs, which limits both the SNR
and the suitability of rapid pulse sequences that are useful for imaging other organs. Despite
these limitations, we were able to generate pyruvate and lactate maps with high SNR and
quantify average metabolic changes in the pulmonary tissue in the presence of acute lung
injury. While Fig. 2 suggests that the FID-CSI pulse sequence is capable of visualizing
heterogeneity of metabolism across the lungs with sufficiently high SNR and modest spatial
resolution, its utility to accurately quantify regional lactate-to-pyruvate ratio may be limited.
This is primarily due to the sequence’s long scan time and its susceptibility to artifacts
caused by the cardiac motion and blood flow. These challenges may be partially addressed
in the future by the addition of flow suppression gradients (45). Alternatively, rapid high
resolution pulse sequences, specific to lung spectroscopic imaging, can be developed for the
future studies to circumvent these limitations (46).

The lungs receive the full blood supply during each circulation and perform a variety of
biochemical functions to maintain body homeostasis. These functions can change
substantially and detrimentally in patients suffering from ARDS or other conditions such as
pulmonary fibrosis or sepsis, which result in lactic acid release from the lungs (22,47). Such
changes are part of a spectrum of multi-organ dysfunctions and are associated with a high
mortality (2,48,49). Consequently, the development of molecular imaging techniques that
facilitate direct interrogation of the lung metabolism, and its spatial heterogeneity, can
provide more insight into the relationship between abnormalities in mechanics and
cellularity of diseased lung tissue. Addressing this knowledge gap is relevant to clinical
efforts to improve evaluation of inflammatory lung disorders and can potentially result in
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more effective and specific early intervention. This setting presents unique challenges and
opportunities to characterize metabolic flux in acute lung injury models using
hyperpolarized carbon-13 technology.

CONCLUSION

In this study, we used hyperpolarized [1-13C] pyruvate to investigate metabolic changes in
the lung parenchyma during the development and progression of acute lung injury. We
demonstrated increased pyruvate signal, likely due to increased capillary permeability, and
increased lactate signal due to neutrophilic infiltration after the injury. This is consistent with
previous studies that investigated early changes in blood flow in the lung’s immunological
response to acid aspiration-induced ARDS (34,35). The lactate-to-pyruvate ratio in lungs
injured with instillation of 1 ml/kg HCI increased within three hours of injury. However, this
ratio decreased in lungs instilled with 2 ml/kg of HCI. The latter observation was likely a
result of increased pyruvate availability due to locally increased blood flow, water volume
and vascular permeability. Our findings suggest that the lactate-to-pyruvate ratio can be used
as a marker of progression of lung inflammation in certain cases, although regional changes
to the lung blood flow may complicate its use as a single marker of inflammation-related
lactate production. However, combining the lactate-to-pyruvate ratio with pulmonary
compliance not only can differentiate between the healthy and injured animals, but it
provides more insight into the severity of the inflammation and edema three hours after the
injury.
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Figure 1.

Study design for the hyperpolarized pyruvate studies. Three cohorts of rats (5 each) were
used. Each rat received 3 injections of hyperpolarized [1-13C] pyruvate (Pyr) at
approximately 60, 130 and 240 minutes after the start of ventilation. The injured-1 cohort
received 1 ml/kg HCI (A1) and the injured-2 received 2 ml/kg HCI (A2) intratracheally 10
minutes after the first pyruvate injection. Compliance was measured before each pyruvate

injection.
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Figure2.
Representative carbon-13 MRSI overlay on 1H images in (A) healthy and (B) injured-1 and

(C) injured-2 rat. The bottom panels show the close-up view of the average of spectra in the
posterior voxels (D,F,H) and anterior voxels (E,G,lI) outlined in (A—C) for the healthy,
injured-1 and injured-2 lungs. The pyruvate and lactate signal in both anterior and posterior
voxels of the control rat seem to be similar. In the injured-1 rat, the overall pyruvate and
lactate signal increased in the posterior voxels (F) and the lactate signal increased in the
interior voxels (G). whereas the pyruvate signal increased significantly in the injured-2 rat in
both areas (H, 1). At the same time, the linewidth in the injured-2 rat became narrower,
which was likely due to formation of edema and consequent improvement of local field
homogeneity.
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Figure 3.
Representative pyruvate and lactate maps overlaid on their corresponding proton images.

The left panel shows a healthy rat (right panel) 60 (baseline) and 240 (follow-up) minutes
after the start of ventilation. The middle and right panels show representative metabolite
maps in injured-1 and injured-2 animals at the same time points, corresponding to before
(baseline) and 240 minutes after (follow-up) the acid aspiration injury. The color bar maps
the intensity of each metabolite image as a fraction of the maximum value in the same
image.
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Figure 4.

(A) Average pulmonary lactate-to-pyruvate ratio in control (white), injured-1 (light gray)
and injured-2 (dark gray) cohorts for all injections. Average (dark filled circles) and
individual (gray hollow circles) pulmonary lactate-to-pyruvate ratios in (B) control (C)
Injured-1 and (D) injured-2 cohorts for all three injections. (*** p<0.001, ** p<0.01, * p

<0.05, t p<0.1)
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Figure5.
Average (A) pyruvate signal and (B) lactate signal, corrected for solid-state polarization

levels, for the three cohorts and for all three injections.
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A

Injection

(A) Average pulmonary compliance in control (white), injured-1 (light gray) and injured-2
(dark gray) cohorts for all injections. Average (dark filled circles) and individual (gray
hollow circles) pulmonary compliance in (B) control (C) injured-1 and (D) injured-2 cohorts
for all injections. (**** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05)
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Figure 7.
Lactate-to-pyruvate vs. pulmonary compliance for the control (circles), injured-2 (triangles)

and injured-2 (crosses) cohorts at first (A), second (B) and third (C) injection time points.
Inner and outer ellipses represent 95% and 99% confidence intervals, respectively.
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