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Abstract
Purpose: A feed-forward loop involving lactic acid production may potentially occur during the
formation of idiopathic pulmonary fibrosis. To provide evidence for this feed-forward loop, we
used acidoCEST MRI to measure the extracellular pH (pHe), while also measuring percent
uptake of the contrast agent, lesion size, and the apparent diffusion coefficient (ADC).
Procedures: We developed a respiration-gated version of acidoCEST MRI to improve the
measurement of pHe and percent uptake in lesions. We also used T2-weighted MRI to measure
lesion volumes and diffusion-weighted MRI to measure ADC.
Results: The longitudinal changes in average pHe and % uptake of the contrast agent were
inversely related to reduction in lung lesion volume. The average ADC did not change during the
time frame of the study.
Conclusions: The increase in pHe during the reduction in lesion volume indicates a role for lactic
acid in the proposed feed-forward loop of IPF
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Introduction

I diopathic pulmonary fibrosis (IPF) is a severe disease of

the lungs that has no known cause and, as a result, no
known cure [1, 2]. The median survival rate of a patient
diagnosed with IPF is 2.9 years [3]. It is therefore imperative
that strong efforts are made to expand current knowledge of
IPF, with specific attention focused upon pathways that may
promote its progression and may also be targets for therapy.

The overexpression of transforming growth factor beta
(TGF-β) in IPF induces fibroblast differentiation into
myofibroblast cells that form fibrotic scars (Fig. 1a) [4, 5].
Recent studies have shown that physiological concentrations
of lactic acid can activate the expression of TGF-β, while
other studies have shown that TGF-β induces expression of
lactate dehydrogenase (LDH) that promotes the production
of lactic acid [6]. Therefore, a pro-fibrotic feed-forward loop
may potentially occur in IPF patients (Fig. 1b). Both TGF-β
and LDH are therapeutic targets, because inhibition of one
or both of these targets may inhibit this feed-forward loop
and thereby greatly inhibit the progression of fibrosis in IPF
patients.Correspondence to: Mark Pagel; e-mail: mpagel@u.arizona.edu



We sought to investigate the hypothesized pro-fibrotic
feed-forward loop during IPF by correlating extracellular pH
of lung lesions with the progression of the fibrotic lesions in
mouse models of IPF. More specifically, we hoped to
monitor a decrease in extracellular pH of a lesion as the
fibrotic lesions grew or monitor an increase in lesion pHe as
the fibrotic lesions decreased in size. To accomplish this
goal, we employed a unique molecular imaging method,
termed acidoCEST MRI, which measures tissue pHe with
outstanding accuracy and excellent precision (Fig. 1c) [7].
This non-invasive imaging method uses chemical exchange
saturation transfer (CEST) MRI to detect iopamidol (Iso-
vue™, Bracco Imaging, Inc.), a clinically approved X-ray/
CT iodinated contrast agent [8], and is an extension of
previous studies with pH-dependent CEST MRI contrast
agents [9–11]. This agent possesses two exchangeable amide
protons that can each be selectively saturated with a MR
radio frequency pulse. This transfer of the saturation to the
bulk water magnetization causes a reduced water MR signal,
which can be detected by a standard MRI acquisition
scheme [12]. A CEST spectrum is then generated by
repeating this procedure over an array of MR frequencies
to determine the magnitude of the reduced magnetization
following selective saturation of each of the labile amide
protons [13]. The exchange rates of these labile protons are
pH-dependent because chemical exchange of an amide
group is base-catalyzed [14]. We have previously shown
that a log10 ratio of the CEST effects from two labile protons
on the same contrast agent is linearly correlated with pH
[15]. Because iopamidol is a highly polar chemical agent, it
remains in the extracellular space during the time frame of
an MRI study. Therefore, the detection of iopamidol with
acidoCEST MRI can measure extracellular pH (pHe).

Although acidoCEST MRI has been successfully used to
measure in vivo pHe in solid tumors, kidney, and bladder,
measuring pHe in the lung has not yet been attempted [7,
16]. MRI of the lung is difficult due to low water density
that decreases MR signal amplitudes. Fortunately, fibrotic
lung lesions have substantially more water density than
normal lung tissues, which greatly facilitates identifying a
bright image of a lung lesion within the relatively dark
background in a MR image of lung tissue [17]. In addition,
the many air-tissue interfaces within the lung causes B1
magnetic field inhomogeneities that affect MRI signal

amplitudes; however, we have previously shown that acid-
oCEST MRI is insensitive to B1 inhomogeneity because this
inhomogeneity equally affects two CEST amplitudes from
the same agent, and therefore, a ratio of the two CEST
amplitudes cancels the effects of B1 inhomogeneity [18].
The same air-tissue interfaces within the lung cause B0
magnetic field inhomogeneities that shift the MR frequencies
of the amide protons of the agent. We have shown that
CEST spectra can be analyzed with Lorentzian line shape
fitting methods to compensate for B0 inhomogeneities [18].
Therefore, acidoCEST MRI is well suited for measuring the
pHe of lung lesions in an IPF model.

Lung MRI is often confounded by rapid lung motion that
blurs the image of the lung and also causes artifact “streaks”
across the MR image. Respiration gating has often been
successfully used to reduce or eliminate motion artifacts
during lung MRI of mouse models [19, 20]. The respiration
gating is typically implemented by sensing the chest motion
of a mouse with a pneumatic pad and then triggering the MR
acquisition soon after the chest motion has stopped.
However, CEST MRI protocols require a multisecond period
of selective radio frequency pulses prior to the MR
acquisition period. If a standard CEST MRI protocol is
triggered by respiration gating, then the multisecond CEST
saturation period between the gating and MR acquisition
will cause the synchrony between gating and acquisition to
be lost. For this reason, a CEST MRI protocol must be
redesigned to apply a CEST saturation period before
respiration gating, so that the gating can properly trigger
the MRI acquisition. Therefore, the primary goal of our
research study was to design and evaluate the performance
of a respiration-gated acidoCEST MRI protocol for measur-
ing lung pHe.

As a second goal of our research study, we then sought to
apply our respiration-gated acidoCEST MRI to measure
lesion pHe in a mouse model of lung fibrosis. To provide
additional evaluations, we also measured the volume of the
lung lesions and measured the uptake of the agent in the
lesion to estimate vascular permeability. We finally attemp-
ted to assess changes in fibrosis within the lung lesions by
measuring the apparent diffusion coefficient (ADC) with
standard diffusion-weighted MRI methods. This multipara-
metric molecular imaging study was designed to investigate
the pro-fibrotic feed-forward loop of IPF.

Materials and Methods

Mouse Model

All in vivo studies were conducted according to the approved
procedures of the Institutional Animal Care and Use Committee of
the University of Arizona. Sixteen male C57BL/6 mice, aged 8–10
weeks old, were administered 1.5 units/kg of bleomycin
(Hospira, Lake Forest IL) by oropharyngeal aspiration on day 0
per standardized protocol [21, 22]. Seven mice were imaged on

Fig. 1 A schematic of a proposed feed-forward loop that
may drive idiopathic pulmonary fibrosis.
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days 14, 21, and 28, while eight mice were imaged on days 18, 25,
and 32. Each mouse was euthanized after the last imaging scan.

Additional bleomycin-treated mice and phosphate-buffered
saline (PBS)-treated controls were euthanized at day 21. Collagen
content was evaluated using Gomori trichrome staining (Richard
Allen brand, Thermo Fisher Scientific Inc., Pittsburgh, PA) using
the manufacturer’s suggested protocol [22].

Pulse Sequence for acidoCEST MRI with
Respiration Gating

Our ungated acidoCEST MRI method uses a saturation period with
a fixed duration between 3 and 5 s, followed by a fast imaging with
steady-state free precession (FISP) MRI acquisition protocol.
Respiration gating is typically performed by triggering the start of
the pulse sequence soon after the end of exhalation. However, the
long duration of the saturation period exceeds the time for one
breath, which is typically less than 1.5 s at 40 breaths per second.
This long saturation period would cause the FISP acquisition to no
longer be synchronized with lung position.

To avoid this problem, we redesigned our acidoCEST MRI
method to start with a 300-msec saturation period, then acquire a
FISP MR image, and then continue with an additional 3.0-s
saturation period (Fig. 2a). This pulse sequence was triggered at the
start of inhalation. Because the inhalation and exhalation occurred
within 300 msec, the start of the FISP MR image acquisition
occurred when the lungs were relatively motionless. The second
CEST saturation period generated steady-state saturation for the
next FISP scan. The saturation frequency was incremented at the
start of the second saturation period. The first FISP image
acquisition was discarded, because only 300 msec of saturation
was applied prior to this image acquisition. The subsequent image
acquisitions were retained, because a total of 3.3 s of saturation was
applied at the same frequency prior to each image acquisition.

Simulations of CEST with Respiration Gating

A potential pitfall of our gated acidoCEST MRI method is a delay
during the end of the second saturation period and the start of the
first saturation period for the next scan. We have labeled this delay
as TB, representing the “time for the next breath” after the second
saturation period has ended. With a rate 40 breaths per minute, TB
ranges from 0 to 1.5 s. This delay with no saturation pulse causes a
loss of CEST amplitude.

To assess the effect of this potential pitfall on our pH
measurement, we simulated the CEST amplitude of iopamidol
using the Bloch equations modified for chemical exchange. These
simulations used the pulse sequence shown in Fig. 2a with TB
varied from 0 to 1.5 s. The simulations used parameters that were
obtained by testing three solutions of 100 mM iopamidol in PBS
buffer at pH values of 6.4, 6.7, and 7.0. CEST spectra of each
sample were obtained with a saturation power of 1.73 μT and
saturation time of 2 s, and with a saturation power of 2.45 μT and
saturation times of 2 and 4 s. These spectra were simultaneously fit
with Bloch equations modified for chemical exchange because
simultaneously fitting multiple CEST spectra has been shown to
improve parameter estimations [23, 24]. The base-catalyzed
exchange rate (kb) and the rate of direct exchange with water (k0)
were fit using Eq. 1, assuming that the acid-catalyzed exchange rate

(ka) is negligible at physiological pH [25]. These base-catalyzed
and direct exchange rates were used to estimate the overall
chemical exchange rate at pH 6.9, which was a typical pH
measured for a lung lesion in our in vivo studies (Table 1).

kex = k0 + ka × 10–pH + kb × 10–pOH (1)

In Vivo MRI Studies

To prepare for each MRI study, a mouse was anesthetized with
1.5–2.5 % isoflurane gas anesthetic delivered in 1 l/min oxygen gas
ventilation and secured to a mouse cradle. A rectal probe to monitor
temperature and a respiration pad to monitor respiration rate were
connected to the mouse, and a catheter was inserted into the tail
vein to deliver the contrast agent. A bolus of 200 μl iopamidol at
300 mgI/ml concentration was injected i.v. via the catheter. The
catheter was connected to an infusion pump, and iopamidol was
pumped into the mouse at 150 μl/h. The mouse was then placed
inside the MRI magnet. Core body temperature of the mouse was
maintained throughout the imaging experiment at 37.0±0.2 °C
using an automated feedback loop between the temperature probe
and an air heater (SA Instruments, Inc., Stony Brook, NY).

A CEST-FISP MRI protocol was performed for acidoCEST
MRI studies. The FISP MR images were acquired using a 3.20-
msec repetition time (TR), 1.60 msec echo time (TE), 30°
excitation angle, 1.0-mm slice thickness, 453×453-μm2 in-plane
resolution, 5.80-cm2 field of view, linear encoding, 1 average, and
419-msec scan time [7]. Selective saturation with 2.8-μT power,
90-Hz bandwidth, and a 540° flip angle was applied for 3.8 s. This
sequence was repeated with a series of 54 saturation frequencies to
acquire a CEST spectrum. The acidoCEST MRI protocol was
repeated for four scans at 4:50 min per scan, for a total scan time of
19:32 min. The images generated from the four CEST-FISP MRI
acquisitions were averaged and smoothed with Gaussian filtering.
A CEST spectrum was constructed for each pixel, and each
spectrum was smoothed with a cubic spline function and then
fitted with a sum of three Lorentzian line shapes using Matlab
version R2013b (Mathworks, Inc., Natick, MA). Only statistically
significant CEST amplitudes greater than 2√2 times the standard
deviation of the noise were retained, which represented a 95 %
probability that the CEST effect was derived from the labile protons
and not from noise [26]. The pH of each image pixel was
determined from a calibration performed using an identical
CEST-FISP MRI protocol that correlated pH with a log10 ratio of
the CEST amplitudes of iopamidol (Fig. 3a). Pixels with a
significant CEST amplitude at 4.2 ppm but with no significant
CEST amplitude at 5.5 ppm had their CEST amplitudes at 5.5 ppm
set to 2√2 times the standard deviation of noise and then were
included in the calculation of average pH and standard deviation of
pH values. Contrast agent uptake was determined from the number
of pixels with one or two significant CEST amplitudes relative to
the total number of pixels of the lesion.

A diffusion-weighted MRI protocol was performed to measure
the ADC of water in the lesion. Images were acquired with a
1,501 msec TR, 27.0 msec TE, 1-mm slice thickness, 469×469-
μm2 in-plane resolution, 6.0×3.0-cm2 field of view, and 1 average.
Respiratory gating was used, and the total acquisition scan time was
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14.5 min. The b-values for the diffusion-weighted MRI sequence
were 100, 300, and 700 s/mm2, which provided an excellent fitting
to a monoexponential function. The amount of fibrocity in the
lesion was qualitatively assessed by determining the isotropic ADC
value (based on the average of the three orthogonal directions).

A spin-echo MRI protocol with respiratory gating was
performed to measure lesion volumes. The lesion volumes were
determined from manually selected regions of interest. Images were
acquired with a 1,410 msec TR, 10.7 msec TE, 1-mm slice
thickness, ten contiguous slices, 156×312-μm2 in-plane resolution,
4.0-cm2 field of view, and 1 average. The total acquisition scan
time was 4.0 min. Lesion volumes were measured by summing the
areas of the lesion in each slice using ImageJ [27].

A Student’s t-Test was used to determine significant differences
between measurements.

Results
Lung Lesions Detected with MRI and
Histopathology

The OA administration of bleomycin often causes a patchy
distribution of fibrosis. The spin-density-weighted MR
images clearly showed locations of large fibrous patches in
the lung as early as 14 days after administering bleomycin

(Fig. 4a). The high collagen content of similar lung lesions
confirmed the fibrous nature of these patches (Fig. 4c).
Collagen deposition was measured by trichrome staining and
matched results reported by Caravan et. al. [28]. Healthy
lung tissue typically has minimal collagen content (Fig. 4b).
Therefore, our acidoCEST MRI studies of lung pH were
limited to the patchy lung lesions with high fibrosis.

Pulse Sequence for acidoCEST MRI with
Respiration Gating

Our respiration-gated acidoCEST MRI pulse sequence was
designed to limit motion artifacts induced by lung motion in
order to obtain CEST signals that could generate reliable pH
values (Fig. 2a). To accomplish this goal, the respiration
profile was monitored by placing a pneumatic sensor below
the prone mouse. Each breath was estimated to last
approximately 200 msec, and the breathing rate was
estimated to be 60 to 40 bpm (1.0 to 1.5 s per breath) under
isoflurane anesthesia, providing a period of 0.8–1.3 s with
no lung motion. We designed our respiration-triggered
CEST MRI pulse sequence to perform the FISP acquisition
during this period with no lung motion. Specifically, the
CEST-FISP MRI pulse sequence was triggered at the start of

Fig. 2 Respiration-gated CEST-FISP MRI. a The respiration-gated CEST-FISP MRI pulse sequence is triggered to start at
initial inspiration. The initial CEST saturation period ends shortly after the end of expiration, followed by the FISP MR
acquisition. An additional CEST saturation period at the next saturation frequency is then applied. A variable time TB occurs
before the next inspiration triggers the start of the next pulse sequence. b Non-gated vs. gated images show the improvement
in image quality with gating. c Because respiration-gated CEST-FISP MRI has a variable time TB, a simulation of the two CEST
effects was performed to show that the % CEST at 4.2 ppm (top line) and % CEST at 5.6 ppm (middle line) both decay during
TB, but this decay does not affect the CEST ratio (bottom line) and therefore did not affect pH measurements.

Table 1. Chemical exchange rates of iopamidol

Pools Concentration ppm offset Exchange rate (Hz)

Pool 1=water 110 M 0
Pool 2=OH 80 mM 0.74 1,160
Pool 3=OH 20 mM 1.87 1,400
Pool 4=CEST 1 40 mM 4.24 2,380
Pool 5=CEST 2 20 mM 5.58 1,300
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the breath, where an initial saturation pulse was applied for
0.3 s, and then, FISP MRI acquisition was performed. The
0.3-s saturation pulse had the additional benefit of recover-
ing CEST contrast that was lost during TB (which is
described below). As shown by comparing our respiration-
gated pulse sequence to an ungated pulse sequence, the
gated pulse sequence clearly reduced motion artifacts
(Fig. 2b).

The RF saturation must end at a pre-set time due to the
structure of the pulse programming system. The breathing
rate is variable, so that the trigger for the next pulse
sequence occurs at a variable time after the end of the RF
saturation period, known as TB or “time for next breath.” TB
did not include RF saturation, which may affect the pH
measurement. We simulated the effect of this delay, which
showed that the two CEST effects from the amides of
iopamidol decrease as TB increases (Fig. 2c). However, a
ratio of CEST effects was used to measure pH, and this ratio
was found to be invariant with TB. Therefore, the accuracy
of the pH measurements was unaffected by TB. The
precision of the pH measurements was dependent on the
precision of measuring the amplitude of each CEST effect,
which was dependent on the % CEST amplitude relative to
image noise, which was also represented by contrast-to-
noise ratio (CNR). Therefore, TB can affect the precision of
pH measurements. For this reason, in vivo studies were

performed with four repetitions of the MR CEST spectro-
scopic imaging to improve image CNR.

In Vivo acidoCEST MRI

Two amide protons showed selectively detectable CEST
effects at 5.5 and 4.2 ppm (Fig. 3b). However, only CEST
amplitudes greater than 2√2 times the standard deviation of
the noise were used for our pH measurements because these
amplitudes represent a 95 % probability that the CEST effect
is real. Fortunately, many pixels met this criterion due to our
image analysis procedure that included Gaussian filtering to
maximize the CNR and cubic spline smoothing of the CEST
spectrum from each image pixel. These image analysis
techniques also facilitated the fitting of Lorentzian line
shapes to the experimental CEST spectra for each pixel (Fig.
3c). The in vivo CEST spectrum also showed features at
approximately −3 ppm that is caused by a nuclear Over-
hauser effect from aliphatic protons, which has also been
observed in our previous studies [7]. However, the fitting of
Lorentzian line shapes to the CEST peaks at 5.6 and 4.2
ppm, and the direct saturation of water at 0 ppm is largely
unaffected by the presence of this feature at −3 ppm.

Lung Lesion pHe Maps

Statistically significant CEST effects at 4.2 and 5.5 ppm
were detected in each lesion (Fig. 5b, c). These CEST
amplitudes were converted to a pH value using a calibration
of a CEST ratio and pH determined using an identical
CEST-FISP MRI protocol using phantoms (Fig. 3a). A pixel
with only one statistically significant CEST effect at 4.2 ppm
had its CEST effect at 5.5 ppm set to 2√2 times the noise.
No pixels were observed that had only one statistically
significant CEST effect at 5.5 ppm, so that no pixels were
classified as being below pH 6.2. The resulting pixelwise
pHe maps were overlaid on the anatomical MR images of
each lesion (Fig. 5d). The average pHe of the lesion was
determined from these pixelwise values. The average and
standard deviation of the average lesion pHe were deter-
mined for the seven to eight mice scanned on a single day.

The percent uptake of the agent in the lesion was
determined by comparing the number of pixels that showed
one or two CEST effects vs. the total number of pixels that
represented the lesion. The percent uptake was used as an
indication of vascular permeability in the lesion. This
detection of CEST tended to occur in a region of the lesion
that was nearest to the lung periphery, which suggested that
this region of the lesions has the highest vascular perme-
ability. The average and standard deviation of the average
lesion percent uptake were determined for the seven to eight
mice scanned on a single day. Similarly, the average and
standard deviation of the lesion volumes were determined
for the seven to eight mice scanned on a single day.

Fig. 3 CEST MRI of iopamidol. a Selective saturation of one
amide proton of iopamidol causes a loss of coherent net
magnetization from the proton (shown as a conversion of the
proton from white to black). Subsequent chemical exchange
of the proton from iopamidol to water transfers the saturation
to the water. Only protons of the three amide groups and
water are shown. b An in vivo CEST spectrum of iopamidol in
the lung with Lorentzian line shapes fitted to the CEST
spectrum. c A calibration plot of iopamidol correlating a log10
ratio of the two CEST effects with pHe.
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Lung Lesion ADC Maps

The average value and standard deviations of the distribu-
tions of ADC values were calculated from diffusion-
weighted MR images for the seven to eight mice scanned
on a single day. The region of interest selected for the
calculation of the diffusion constants was the same region of
interest that was selected for the calculation of pHe.

Longitudinal Assessments of Lung Lesions

The average pHe at day 14 was 6.74, suggesting that the
lesions had elevated levels of lactic acid. The average pHe
showed a steady increase over time, with an increase of 0.25

pH units by the end of the MRI study on day 32 (Fig. 6a).
This small increase in pHe was statistically significant,
owing to the remarkable homogeneity in lesion pHe among
mice tested on each individual day. The increase in pHe
suggested less lactic acid production in the lesion over time.
For comparison, the anatomical MR images showed that the
average lesion volume steadily decreased during the time
frame of the study (Fig. 6b). Statistically significant
decreases in lesion size relative to the first day of MR
imaging were seen as soon as day 18, just 4 days after
initiating the MR study. Overall, the decrease in lesion
volume was consistent with the increase in lesion pHe.

The % uptake of the agent in the lesion showed a steady
increase over time, with a statistically significant increase of
41% by the end of the MRI study (Fig. 6c). Notably, the
decrease in lesion volume and the % uptake of agent suggest
that the fraction of the lesion that had less vascular
permeability had greater potential to be removed from the
lesion, while the fraction of the lesion that had more vascular
permeability remained during the time frame of the study.

The average apparent diffusion constant (ADC) was also
measured in the lesions (Fig. 6d). There were no statistical
differences in average ADC values of the lesions over time.
This result indicated that the degree of fibrocity remained
constant as the lesion reduced in volume or that diffusion-
weighted MRI was insufficiently sensitive to monitor a
change in fibrocity in the lesion.

Discussion
We have established a novel respiration-gated acidoCEST
MRI protocol that is able to accurately measure pHe in lung
lesions. This protocol relies on the inclusion of a trigger to
begin the sequence, followed by a short CEST saturation
pulse, FISP acquisition, and then a long CEST saturation
pulse. A major benefit of respiration gating is the

Fig. 4 Collagen histopathology assay. a An MR image
shows the location of the lesion. Histopathology images of
b healthy control tissue and c bleomycin-treated tissue show
a difference in collagen staining.

Fig. 5 A representative pHe map of a lung lesion. a A spin-echo MR image shows the location of the lung lesion. The % CEST
b at 4.2 ppm and c at 5.5 ppm shows that statistically significant CEST effects were detected in the lesion. d The ratios of the
CEST effects were used to determine pHe.
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performance of the FISP acquisition pulse when the mouse
is relatively motionless, which greatly reduces motion
artifacts that would compromise acidoCEST MRI of pHe
in the lung. This respiration-gated sequence may also
improve future acidoCEST MRI studies on tissues near the
lung, such as kidney, liver, and pancreas.

This study combined the measurements of pHe and
percent uptake of agent in the lung lesions with acidoCEST
MRI, with the lesion volume measured with T2-weighted
MRI, and the ADC measured with diffusion-weighted MRI.
The ability to measure four biomarkers within one scan
session was an efficient evaluation of this lung pathology.
Furthermore, combining the measurement of multiple bio-
markers in one scan session improved the comparisons of
the biomarkers. Importantly, the high quality of these
imaging results contributed to creating low standard devia-
tions of the distributions of each of these biomarkers, which
led to statistically significant longitudinal changes. Future
studies may expand the analysis to cover even more
biomarkers, such as including a magnetization transfer
MRI protocol (which is similar to a CEST MRI protocol)
to monitor longitudinal changes in proteinaceous content of
the lesions. Future studies may also utilize H&E staining
instead of trichrome staining to provide information regard-
ing collagen deposition in the animal model since it has been
shown to be more sensitive to collagen content [28].

Our study supports the proposed feed-forward loop in IPF
(Fig. 1b). The pHe measurements with acidoCEST MRI
suggested relatively high lactic acid production in larger

lung lesions and less lactic acid production as the lesions
decreased in size. For comparison, a recent study has
reported MRI-based evidence for bleomycin-induced pul-
monary inflammation in a rat model [29]. Despite the
challenges of the other study, especially the more limited
analysis of regions of interest from MR spectroscopy of
perfused ex vivo lung tissues relative to our pixelwise
analysis of in vivo MRI, both studies show evidence for a
decrease in lactic acid production at day 21. Our study
monitored an increase in pHe, which is a consequence of
low LDH expression, and the other study monitored a
decrease in LDH expression itself. Therefore, both studies
may be measuring a combination of fibrosis and
inflammation.

Future studies with acidoCEST MRI could assess the
relationship between in vivo pHe measurements relative to
ex vivo analyses of TGF expression in the lung lesions. In
addition, future studies could assess the early response to
chemotherapies directed against IPF. For example, an
inhibitor of lactic acid dehydrogenase can reduce lactic acid
production, which may reduce or reverse the formation of
IPF lesions. In addition, acidoCEST MRI can be translated
to the clinic as a method for monitoring the IPF progression
and the early therapeutic response of IPF patients.

Conclusion
Respiration-gated acidoCEST MRI can measure the pHe in
lung lesions of IPF. The average pHe of the lesions was

Fig. 6 Longitudinal assessments of lung lesions. a The average pHe, b average lesion volume, c average % uptake of the
agent, and d average ADC value of each group of mice are shown for each day. Error bars represent the standard deviations of
the average for each group. Statistically significant differences relative to a measurement on day 14 are indicated with an
asterisk (*pG0.05, **pG0.01).
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inversely related to lesion size, which supports the proposed
feed-forward loop in IPF. The lesion volume was also
inversely correlated with % uptake, which indicated that the
least vascularized portions of the lesions were first removed
from the lesion over time. Lastly, no correlation was seen
between lesion volume and ADC, indicating that the density
of fibrocity in the lesions was unchanged as the lesions
decreased in volume.
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