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Noninvasive monitoring of chronic kidney disease using
pH and perfusion imaging
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Charles P. Venditti3, Michael T. McMahon1,2*

Chronic Kidney Disease (CKD) is a cardinal feature of methylmalonic acidemia (MMA), a prototypic organic acide-
mia. Impaired growth, low activity, and protein restriction affect muscle mass and lower serum creatinine, which
can delay diagnosis and management of renal disease. We have designed an alternative strategy for monitoring
renal function based on administration of a pH sensitive MRI agent and assessed this in a mouse model. This
protocol produced three metrics: kidney contrast, ~4% for severe renal disease mice compared to ~13% and
~25% for moderate renal disease and healthy controls, filtration fraction (FF), ~15% for severe renal disease mice
compared to ~79% and 100% for moderate renal disease and healthy controls, and variation in pH, ~0.45 units for
severe diseasemice compared to 0.06 and 0.01 formoderate disease and healthy controls. Our results demonstrate
that MRI can be used for early detection and monitoring of CKD.
INTRODUCTION
Organic acidemias represent a group of rare inborn errors of metab-
olism caused by disturbances primarily of amino acid metabolism
that result in large abnormal accumulations of often toxic organic
acids in tissues and body fluids including in the urine. While indi-
vidually rare, collectively, this group of inborn errors of metabolism
leads to notable morbidity and mortality in infancy and childhood
such that many of these disorders are now included in routine
newborn screening panels to enable early diagnosis and treatment.
Methylmalonic acidemia (MMA) is a common and severe organic
acidemia with established knockout and tissue-specific transgenic
mouse models that accurately replicate key features of the human
disease, including C57BL/6Mut−/−;TgINS-Alb-Mutmice, which have been
used to model the renal disease of MMA (1–3). While early identi-
fication and treatment have improved the clinical course and life
expectancy in MMA, the patients remain at risk for chronic compli-
cations, particularly chronic kidney disease (CKD) and, eventually, renal
failure (4, 5).

The glomerular filtration rate (GFR) is the standard index for de-
termining renal function (6); however, direct measurements of GFR
(mGFR) are invasive and cumbersome (7). Several types of clearance
measurements are possible: 24-hour urine sampling, timed blood
sampling, or image acquisitions. Measurements require monitor-
ing plasma clearance of a marker, often radioisotopes [99mTc-DTPA
(diethylenetriamine pentaacetic acid) and 51Cr-EDTA (ethylene-
diamine tetraacetic acid)] and serial blood samples (inulin, iohexol,
iothalamate, and others) that require complex protocols, involving
the placement of multiple intravenous lines, repeat blood sampling
over up to 8 to 24 hours, timed urination, and hospital monitoring.
Furthermore, the downstreammeasurements typically require sample
shipment to highly specialized laboratories, which creates substan-
tial administrative burden on clinics and introduces a risk for post-
collection errors.

An alternative to mGFR is to estimate GFR (eGFR) using serum
creatinine and/or cystatin-C (8–10), and is routinely used by clinicians
(9). Computing eGFR through blood tests is much less complex be-
cause these tests can be simple to perform, are widely available, and
are much less expensive than obtaining the mGFR. However, it is
well recognized that routine serum biomarkers of renal disease, such
as creatinine, are poor screening tests of renal function because of the
dependence on muscle mass, which is substantially altered in these
severely growth-impaired and protein-restricted patients (11, 12).
Furthermore, eGFR is limited for patients with asymptomatic renal
disease, especially because they can demonstrate normal serum cre-
atinine levels (13). The development of alternative methods to detect
the early stages of CKD, and its evolution, is therefore necessary to fa-
cilitate treatment of associated comorbidities and enable more timely
planning of renoprotective or renal replacement therapies, including
transplantation, in many patient populations. As a result, the devel-
opment of new tools for detecting renal disease represents an unmet
clinical need not only in MMA but also in the CKD population in
general.

Magnetic resonance imaging (MRI) can produce high-resolution
imageswith exquisite soft tissue contrast and has long been recognized
as an outstanding tool for detecting renal tumors (14), renal cysts, and
other pathologies. Additional functional information can be acquired
through administration of MR contrast agents. MR contrast agents
can be used to measure parameters such as kidney clearance or to
count the number of glomeruli with impressive results (15, 16) and
are included in abdominal imaging protocols to better characterize
the kidneys. As the kidney represents the major determinant of acid-
base balance in the body, pH is also a useful biomarker of renal func-
tion. MRI is also particularly well suited for pH imaging, as has been
well described previously by a number of groups (17–19).

Chemical exchange saturation transfer (CEST) MRI has now
emerged as the premier technology for creating pH images (20, 21).
CEST detects low concentrations of contrast agent through the ap-
plication of saturation pulses on labile protons to destroy their mag-
netization, with the resulting signal loss transferred to water through
chemical exchange. The chemical shift dependence is an important fea-
ture, allowing discrimination betweendifferent agents throughwhat has
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been described as multicolor (22–24) or multifrequency MRI (25, 26).
For pH imaging, it is important to create pHmaps that are independent
of agent concentration, which can be accomplished using probes with
two distinct labile protons (27, 28). We have long been interested in
CEST MRI–based pH imaging using nonradioactive organic contrast
agents and have developed methods to quantify chemical exchange
rates as a function of pH (29), using imidazoles as CEST MRI pH sen-
sors (30) aswell as smart biomaterials, which can be used tomonitor cell
death through pH changes that occur following transplantation (31).
Iopamidol is an excellent pH probe with renal excretion that can detect
acute kidney injury (AKI), as has been shown recently (28, 32, 33).

In this study, we use CESTMRI to functionally image kidneys and
investigate the progression to CKD in an MMA mouse model. We
have designed a time-efficient CESTMRI protocol to study iopamidol,
a nonionic contrast agent, which has yielded both perfusion and pH
maps of the kidneys. Ourmethod allows facile determination ofmGFR
and should be a useful method to diagnose and monitor CKD.
RESULTS
Calibration of ratiometric signal for pH mapping using
iopamidol in blood serum
We first prepared phantoms to test the sensitivity of iopamidol and
evaluate our pHmapping protocols over a range of pH values relevant
to our studies (pH values, 5.3 to 7.3). The structure of iopamidol is
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
shown in Fig. 1A. The Z-spectra of iopamidol in Fig. 1B display labile
protons resonating at 4.2 and 5.5 parts per million (ppm), which are
well resolved for a wide range of pH values.

We tested several radio frequency (RF) saturation powers (w1)
from 1 to 5 mΤ and found that 4 mT provided the best ST ratio calibra-
tion curve in blood serum (Fig. 1C), which has a relatively simple re-
lationshipwith pH under these saturation conditions. Figure S1 shows
an alternative w1 = 3 mT, which is the next best and has a shallower
dependence of ST ratio on pH for pH< 6. Figure S2 shows the ST ratio
and pH measurement dependence as a function of DB0 for 4-mT sat-
uration. The pH is fairly tolerant to B0 inhomogeneity at this satura-
tion power, which is part of the reason for selecting it. For example, at
pH values 5.7 and 5.9, field inhomogeneities DB0 = ±120 Hz generate
errors of <0.1 pH units. The inhomogeneity tolerance plot for 3-mT
saturation power (fig. S3) shows that DB0 = ±60 Hz has an error of
≥0.1 unit at pH 5.7 and 5.9, a lower tolerance, which is less desirable.
While the experimental design of using electrode pH for comparing
with calculated CEST MRI pH values on phantoms is a circular one,
it is useful to depict the influence of experimental error using these
phantoms. Figure 1D shows the resultant pH maps for our blood
serum phantom, and Fig. 1E shows the SD for these pH determina-
tions across each tube in the phantom. These data indicate that while
pH values between 7.3 and 5.7 can be readily measured using our
multifrequency pH mapping protocol, pH values of 5.5 and below
are challenging. This can also be visualized by the spectra in Fig. 1B,
Fig. 1. In vitro calibration plots and pH maps using iopamidol in human blood serum. (A) Structure of iopamidol with exchangeable protons highlighted, which
produce CEST contrast at 4.2 and 5.5 ppm at a relative concentration of 2:1. (B) CEST Z-spectra of iopamidol in blood serum at w1 = 4 mT for pH = 5.3, 6.1, 6.5, 6.9, and 7.3.
(C) Calibration plot used to calculate in vitro and in vivo pH; variation of experimental ST ratio at different pH values was given by pH = p1 × (ST ratio)3 + p2 × (ST ratio)2 +
p3 × (ST ratio)1 + p4, with p1 = −0.01174, p2 = 0.1653, p3 = −0.927, and p4 = 7.598. The root mean square error of the fit was 0.0714 for pH values from 5.5 to 7.3. (D) pH
maps of iopamidol-serum phantom. In the map, pH values below 5.5 were determined inaccurately. (E) Error bar plot representing the accuracy in MRI pH measure-
ments compared to that of electrode pH for iopamidol-serum phantom. Error bars (blue) were obtained by calculating the mean SD in pH over a region of interest (ROI)
drawn enclosing the entire tube in the phantom.
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which indicate very low contrast at pH5.3.We selected these conditions
for live animal studies.

Development of an in vivo CEST MRI protocol to study a
mouse model of MMA
We then proceeded to testing the performance of iopamidol for CEST
imaging inC57BL/6Mut−/−;TgINS-Alb-Mutmice (referred to asMut−/− in
the remaining text and figures) and control heterozygote littermates
(Mut+/−;TgINS-Alb-Mut, referred asMut+/−). Themicewere divided into
four groups: regular diet (RD) control (Mut+/−), high-protein (HP)
diet control (Mut+/−), mild kidney disease (RD Mut−/−), and severe
kidney disease (HPMut−/−) based on previous studies with this ani-
mal model (1). In these mice, exposure to an HP diet was previously
shown to cause massive elevations of plasma (MMA), associated
with decreased GFR [extensively studied at the single-nephron and
whole-animal level, by plasma decay of 125I-iothalamate and fluores-
cein isothiocyanate (FITC) inulin, respectively], elevated creatinine,
and increased expression of lipocalin-2 (Lcn2; in the kidney tissue
and plasma) in themutant animals (Mut−/−;TgINS-Alb-Mut). As shown
in fig. S4,Mut+/−;TgINS-Alb-Mut mice had normal weight (20 to 30 g),
low levels of plasma MMA, and low Lcn2mRNA expression in their
kidneys. For the Mut−/− mice, the plasma (MMA) and kidney Lcn2
were significantly elevated when placed on the HP diet. As expected,
their weight dropped with time on this diet, replicating the findings of
the previous studies.We administered iopamidol at aweight-controlled
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
dose of 1.5 g of iodine per kilogram and acquired CESTMRI data on
a single slice containing the center of both kidneys using two offsets,
4.2 and 5.5 ppm, to characterize how the contrast varies with time
after injection. As shown in Fig. 2 (A and B), CEST contrast in the
kidneys at 4.2 ppm increased with time over 50min for all mice, with
the strongest contrast occurring for the control mice (~23%), the
weakest contrast in the mutant mice ingesting an HP diet (~4%),
and intermediate changes in mutant mice fed an RD. Notably, the
MMA mice at baseline did not previously manifest substantial renal
pathology or decreased mGFR when studied with iohexol, rather only
when tested at the single nephron level (1). In addition, the amount of
contrast in the kidneys is fairly uniform in the control mice and varies
more in the moderate and severe kidney disease mice (Fig. 2, C to F).
This indicates that uptake of iopamidol can help distinguish between
these groups early in disease progression. Furthermore, a linear corre-
lation was observed between the weight of the RD and HP Mut−/−

mice and image contrast (R = 0.93; fig. S9A).
Next, we evaluated a 72-offset protocol (ideal for characterizing

Z-spectra) on the RD Mut+/− and RD Mut−/− mice. Representative
Z-spectra from regions of interest (ROIs) drawn over both kidneys
are shown in fig. S5. As can be seen, there are differences in the ST
ratio for these animals, indicating that there are differences in av-
erage pH values. However, as shown in Fig. 3, using 72 offsets and
our rapid imaging with refocused echoes (RARE) sequence param-
eters, the contrast-to-noise ratio (CNR) is too low to reliably assess
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Fig. 2. Contrast agent uptake for the four different groups of MMA mice. (A) Average iopamidol uptake with time for RD Mut+/− and RD Mut−/− mice. RD Mut+/−

mice display higher uptake of contrast agent [>25% (n = 5)] than RD Mut−/− mice [>12% (n = 4)]. (B) Average iopamidol uptake with time for HP Mut+/− and HP Mut−/−

mice. Similar to RD Mut+/− mice, >25% contrast was observed for HP Mut+/− mice. HP Mut−/− mice displayed the lowest contrast [~4% (n = 3)], indicating the lowest
iopamidol uptake for these mice with more advanced kidney disease. (C and D) Corresponding time-averaged maximum contrast images of RD Mut+/− and RD Mut−/−

mice. (E and F) Maximum contrast images of HP Mut+/− and HP Mut−/− mice.
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filtration fraction (FF) even for the strong contrast Mut+/− control
mice, with an example mouse showing FF = 84% in Fig. 3A, let alone
for the lower average contrast RDMut−/− or HPMut−/−mice. For pH
mapping, which requires calculating the ST ratio, the CNR becomes
a bigger problem, as shown in Fig. 3B, as a large percentage of the
pixels for the RD Mut−/− mice do not show sufficient contrast. We
also characterized the B0 homogeneity for these mice, as shown in
fig. S6. The B0 variation across the kidneys is very small (average
variation, ~60 Hz) compared to the saturation power B1 = 4 mT
(w1 = 1073 Hz). Because of this, we chose to test a minimal satura-
tion frequency protocol for pHmapping, two offsets, which can pro-
vide an increase in CNR by factors as large as

ffiffiffiffiffiffiffiffiffiffi
72=2

p ¼ 6:0. As seen
in Fig. 3C, the FF becomes larger in the perfusion map because of
this additional CNR. Furthermore, the pH maps in Fig. 3D become
much sharper because of the improved contrast using this protocol.
On the basis of this set of data, we decided that the two-offset pro-
tocol had excellent performance and proceeded to comparing the
results of this protocol on all groups, including the lowest contrast
HPMut−/−mice. Using this two-offset protocol allows the time res-
olution to be very short (10 s per time point), allowing the use of a
moving time average to reduce the systematic and random contri-
butions to noise as shown. A comparison of 2-, 38-, and 72-offset
protocols is shown in fig. S10.

Comparison of perfusion results across all groups of
MMA mice
To assess the capability of imaging iopamidol perfusion to detect kidney
disease, we calculated FF using our CESTMRI data for the four groups
of mice (Fig. 4). As can be seen in Fig. 4 (A, B, andD), both RD andHP
Mut+/− controls (n = 5) display FF >98%. In contrast, moderate kidney
disease mice (n = 4) display a moderate reduction in iopamidol perfu-
sion (FF, ~79%), and severe kidney disease mice (n = 3) display a very
substantial reduction in iopamidol perfusion (FF, <50%). Furthermore,
as shown in Fig. 4A, the FF was linearly correlated with mouse weight
when considering all groups (R = 0.76). The correlation improves fur-
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
ther by considering only the RD andHPMut−/−mice (R= 0.9; fig. S7B),
which is due, in part, to the lower average weight of the controlMut+/−

mice than the Mut−/− mice.

Comparison of pH mapping results across MMA mice
To establish the suitability of our MRI protocol, we calculated pH
maps using our CEST MRI data for the four groups of mice (Fig. 5).
Both RD and HP Mut+/− mice displayed homogeneous pH values of
6.50 across the entire slice, as shown in Fig. 5 (A, B, D, and E) and fig.
S7. In contrast, RDMut−/− mice displayed a lower average pH (~6.1)
and an order ofmagnitude larger range of pHvalues (denoted asDpH)
in the kidney across the slice (±0.09; Fig. 5, A and C, and fig. S8, A to
D). Furthermore,HPMut−/−mice displayed a slightly lower pH (~6.0)
and a significantly larger range of pH values in the kidney across the
slice (±0.45; Fig. 5, D and F, and fig. S8, E to G). While the correlation
between pH and mouse weight was poor (R = 0.0624; fig. S9C), the
correlation between DpH and mouse weight was quite reasonable
(R = 0.85; fig. S9D). Overall, these in vivo imaging data are consistent
with the blood work and weights of these animals.
DISCUSSION
We have successfully developed a CEST MRI protocol based on ad-
ministration of iopamidol and using a two-offset protocol to char-
acterize the perfusion and pH changes observed in mice and to
detect differences in renal function. The metric that we use for per-
fusion, FF, estimates how widely iopamidol perfuses through the
kidneys with units of % as opposed to GFR, which is a rate constant
with units of ml/min. We chose to use FF because of the minimal
modeling needed to measure this metric. To measure GFR using
MRI, it is conventional to use images of the abdominal aorta to de-
termine the arterial input function, which can lead to errors (34).
Our CEST MRI protocol was designed by minimizing the number
of frequencies collected to allow smoothing and signal averaging to
overcome the challenges produced by the significant reduction in
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contrast observed for the severe kidney diseasemice and kidneymo-
tion and allow for robust measurements. Measurement of GFR using
iopamidol would have been more challenging for these animals. As
shown in fig. S4C, the most sensitive measurement of health was
mouse weight, which dropped over time when mice were placed
on an HP diet. Three of the four MRI metrics that we developed
correlated with this measurement (R = 0.93, 0.90, and 0.85, respec-
tively, for contrast, FF, and DpH).

At this stage, a number of MRI pH imaging studies have been
performed, including on the bladder, within tumors, and within kid-
neys (18, 30). Most of the kidney pH imaging studies have focused on
testing probes on healthy control rodents, and the mean renal pH
values of healthy control mice measured in this study are very similar
to those reported (19, 28, 32, 35). In some cases, subtle differences
were observed between calyx and cortex; we did not detect these in
our maps using either the 72-offset or the 2-offset protocol. Our
study was performed on a higher field strength scanner (11.7 T) than
the other studies, which results in a larger frequency difference be-
tween labile protons and water. This enhances the resolution of the
CEST Z-spectrum, which affects the intensity ratio measurement
and, hence, the pH calculation. Additional changes include our use
of a reduced set of offsets and oversampling to reduce noise. Appli-
cation of a moving time average, smoothening the impact of motion
on signal intensities, will result in CEST contrast smearing. On the
basis of our pH mapping results of healthy control using 72- and
2-offset protocols, the smearing has a negligible effect on pH calcu-
lation. This approach is sound and necessary to observe the small
contrast effects in mice with severe renal disease. Additional refine-
ment of the CEST MRI protocol by using radial sampling or other
strategies may result in further improvements in CNR or may further
reduce the influence of motion on the resulting maps.

Longo and colleagues (32) also studied how AKIs created using
clamp occlusion of arteries affect pH and perfusion maps. They ob-
served increases in average pH values peaking at 7.0 ± 0.2 and for
shorter occlusion times (20-min occlusion) returning to normal
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
within 1 week; for longer occlusion times, the pH remained elevated
at 1 week after AKI (6.9 ± 0.2). For our study on a mouse model of
MMA-induced CKD, the average pH dropped slightly, but this was
not as sensitive as the variation in pH across the kidneys in our study,
which was not reported for short or long occlusion AKIs. Longo and
colleagues also reported large changes in FF for AKI (lowest FF ~56%
for short occlusion AKI and lowest FF ~38% for longer occlusion AKI
versus FF ~84% for healthy controls); however, they used a different
definition to calculate FF. Their definition of FF computed the per-
centage of pixels within the kidneys displaying larger than 2% con-
trast, whereas our definition calculated the number of pixels above
20% of the peak contrast observed in the kidneys. We prefer our def-
inition as, in principle, our definition using this relative contrast
should allow FF to be more comparable on scanners with different
field strengths.

There are a number of CEST agents available (36–44); we selected
iopamidol for several reasons. First, pH is an appropriate biomarker
for kidney disease (21), and because iopamidol has two labile protons
with distinct shifts and exchange rates, ratiometric protocols can be
used to isolate pH changes from concentration. Themoderately large
chemical shifts (>3 ppm) enable detection on clinical 3-T MRI scan-
ners (28, 32, 36, 45, 46). Iopamidol is a nonionic contrast agent safely
administered for over 30 years to patients for angiography, including
to a large number of patients known to have kidney disease (47, 48).
Nonionic iodinated agents are in routine use in pediatric radiology,
including pediatric computed tomography (CT) and excretory urog-
raphy. In one study onmore than 11,000 pediatric injections, allergic
reactions were found to be rare (estimated to be 0.18% with 80%
considered mild) (49, 50). The nephrotoxicity of iopamidol has been
studied in the case of childrenwith bonemarrow transplantationswho
received nephrotoxic drugs and received between one and seven re-
peated injections of iopamidol and judged to be negligible (51). While
we used a dose of 1.5 g of iodine per kilogram in this study, as shown
in the results, the resulting contrast was well above what was needed
to differentiate between the groups.
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In addition to the methods we present in this work, other non-
invasive imaging modalities can be used for assessment of renal
function, including gadolinium-based MR renography, CT, and nu-
clear imaging. MR renography can derive functional parameters that
estimate GFR (52); however, there are challenges for widespread
adoption because of the known safety issues of gadolinium for low-
GFR patients, which can lead to nephrogenic systemic fibrosis (53).
The number and volume of glomeruli in the kidneys can also be assessed
using MRI to detect ferritin-labeled glomerular basement membrane,
which is another alternative, although it might be difficult to perform
this serially (16). DynamicCTusing iodinated imaging agents can pro-
vide renal clearance data, which correlates well with GFR (54, 55);
however, this method uses ionizing radiation, which can provide a
notable burden in the case that this measurement should be repeated
periodically and cannot measure pH, which is an additional bio-
marker for renal function. Nuclear imaging techniques using probes
such as 99mTc-DTPA and 99mTc-MAG3 (mercaptoacetyltriglycine)
are other options that are currently in clinical use; however, these
probes can producemisleading results due to many factors including
ROI selection, motion artifacts, and others (13, 56). MRI has regu-
larly been used to produce high spatial resolution images of the kid-
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
neys, but the MRI metrics that we evaluated in the current study, FF
and pHmaps, provedmore sensitive to differences between the control
and moderate kidney disease mice than other renal function measure-
ments performed previously including, importantly, mGFR in this
mouse model. CEST MRI has been translated to patients for detecting
endogenous biomarkers associated with tumor aggressiveness (57)
and for highlighting tumor microenvironment following injection of
exogenous CEST agents (36, 58). On the basis of our results, this new
CEST MRI protocol is promising for assessing disease progression
over time or for treatment responses in animal models of kidney dis-
ease and could be immediately translated to patients with a range of
disorders that, similarly to MMA, cause CKD.
METHODS
In vitro phantom preparation
Iopamidol (molecular weight, 777.1) was obtained fromBracco Imag-
ing (Italy). Seronorm (5 ml), a normalized human blood serum, was
purchased fromSero (USA). A set of 40mM iopamidol phantomswas
prepared by carefully dissolving Seronorm in 10ml of deionizedwater
with 40 mM iopamidol to avoid the formation of foam. Titrations
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Fig. 5. In vivo pH results of two groups of mice maintained on RD and HP diets. (A) pH histograms calculated for two representative RD Mut+/− and two repre-
sentative RDMut−/−mice. ForMut+/−mice (n = 5), more than 80% of the detected pixels display pH = 6.50, whereas for RDMut−/−mice (n = 4), an acidic pH of 6.05 to 6.32
was observed for >20% of the kidney pixels. (B and C) Time-averaged pH maps of these RDMut+/− and RDMut−/− mice. The average pH dropped to 6.05 to 6.32 for RD
Mut−/− compared to 6.50 for RD Mut+/− controls. The pH ranges of RD Mut−/− mice were ±0.06 and ±0.09 pH units compared to ±0.02 and ±0.01 pH units for RD Mut+/−

mice. (D) pH histograms calculated for two representative HPMut+/− mice and two representative HPMut−/− mice. For HPMut+/− mice, more than 80% of the detected
pixels display a mean pH of 6.50, whereas for HPMut−/− mice (n = 3), an acidic mean pH of 6.10 to 5.83 was observed. (E and F) Time-averaged pH images ofMut+/−and
Mut−/− controls of HP mice. pH was further lowered to 5.83 for the most severely diseased mice. The pH was distributed over a narrow range of 6.50 ± 0.02 for both RD
and HPMut+/−mice, while this range significantly increased to ±0.30 and ±0.46 along with a decrease in mean pH for HPMut−/−mice. A linear correlation was observed
for RD and HP Mut−/− mice between DpH and mouse weight with R = 0.85 (fig. S9D).
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were performed to produce pH values of 5.3, 5.5, 5.7, 5.9, 6.1, 6.3, 6.5,
6.7, 6.9, 7.1, and 7.3, respectively, in aliquots of 0.3 ml. These solutions
were placed in 5-mm nuclear magnetic resonance tubes and
assembled along with 0.3-ml serum-only control tube to obtain the
iopamidol-serum phantom for CEST MRI.

In vitro MR data acquisition
MRI experiments were performed on a Bruker 11.7-T vertical bore
scanner using a 25-mm transmit/receive volume coil. CEST images
were acquired using continuous-wave RF saturation pulse of 3 s
followed by a RARE imaging sequence. CEST data were acquired
using six different saturation power (B1) from 1 to 6 mΤ for optimiza-
tion. Seventy-one CEST offsets between ±7 ppm with 0.2-ppm dif-
ference were acquired to produce saturation images and Z-spectra
plus 1 at +20,000 Hz as M0. Other sequence parameters include the
following: centric encoding; acquisition matrix size, 64 × 48; slice
thickness, 1-mm slice; and repetition time (TR)/echo time (TE),
5000/3.39 ms. For pixel-by-pixel B0 inhomogeneity calculation, water
saturation shift referencing (WASSR) images were calculated using
B1 = 0.5 mΤ with 42 offsets from −1.5 to +1.5 ppm.

In vitro pH calculation
Weperformed all postprocessing and pH calculations usingMATLAB
(MathWorks, USA) for our phantom. This was based on calculating
the ST ratio at 4.2 and 5.5 ppm, as described previously (33). On the
basis of examining the data at six B1 values, CEST images with B1 = 3
and 4 mΤ were processed to generate the pH maps. Pixel-by-pixel
Z-spectra were also calculated from the CEST data. Pixel-by-pixel
B0 inhomogeneity corrections were performed using the WASSR
dataset and spline interpolation method, as described previously
(23). The value ST = (1 − Mz/M0) was calculated pixel by pixel to
generate ST maps corresponding to the two CEST peaks at 4.2 and
5.5 ppm, respectively. An ROI was drawn, and the mean ST ratio =
Mz4:2�ðM0�Mz5:5Þ
Mz5:5�ðM0�Mz4:2Þversus pH plot was obtained and fit to a polynomial to

generate a pH calibration curve. Using this calibration equation, the
pH for each pixel in the phantom could then be calculated to deter-
mine how susceptible this quantity was to experimental noise.

In vitro ST ratio tolerance to B0 inhomogeneity
In vitro experiments on the iopamidol-serum phantom were ana-
lyzed to study the tolerance of our pH measurements to DB0 (Hz).
The ST ratio of 4.2 and 5.5 ppm was calculated for each pH between
5.7 and 7.3 for DB0 values up to ±301.4 Hz in steps of 27.4 Hz using
our experimental Z-spectra. Using the in vitro calibration equation,
corresponding pH values were obtained at DB0 = 0, ±60, ±120, and
±180 Hz for w1 = 3 mT and w1 = 4 mT.

MMA mouse model for CKD
Male transgenicmice expressingmethylmalonyl–coenzymeA–mutase
(Mut) in the liver under the control of an albumin promoter on a
knockout background Mut−/−;TgINS-Alb-Mut, designated as Mut−/−

(n = 8), or littermate controls,Mut+/− (n = 5), were used. Themice were
further subdivided by placing half on a regular mouse chow diet (RD)
and the remainder on anHPdiet, containing 70% (w/w) casein (HP), as
described previously (TD.06723; Harlan Laboratories). HP mice lost
weight (P < 0.0001) and had elevated plasma MMA (1330 mM;
P= 0.017 compared to controls), associatedwith increased Lcn2mRNA
expression in their kidneys (P = 0.002), similar to previous findings
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
in this model. Notably, no significant renal histological changes were
evident on hematoxylin and eosin staining at this stage of renal dis-
ease in these mice. Exposure to an HP diet for 6 months was necessary
to induce tubulointerstitial nephritis, as has been previously described
(1). GFR measurements, on the other hand, were abnormal even on
RD, when measured by 125I-iothalamate clearance in single-nephron
microperfusion studies, and significantly decreased on an HP diet
after 2 months, as assessed by the FITC inulin plasma decay method
at the whole-animal level (1).

In vivo MR data acquisition and experimental design
All animal experiments were performed under a protocol approved by
both the Johns Hopkins University Animal Care and Use Committee
and the Animal Care and Use Committee of the National Human
Genome Research Institute (NHGRI), National Institutes of Health
(NIH). Eachmouse was placed on amouse tail illuminator restrainer
to catheterize the tail vein. In vivo experiments were performed on
an 11.7-T Bruker BioSpec horizontal scanner using an eight-channel
mouse body phase array coil. The mouse was then placed on a cradle
for imaging and anesthetized using 0.5 to 1.5% isoflurane, with the
respiration rate continuously monitored. The body temperature was
maintained at 37°C using a hot water circulation bed. A three-plane
localizer sequence was used for finding the spatial location of the
mouse kidneys. A multislice T2W RARE sequence was used to acquire
the axial slice images. Twenty-one contiguous axial slices, each with a
thickness of 1.5 mm, were collected using TE/TR of 6.6 ms/4 s, RARE
factor of 8, and field of viewof 128× 128. A center slice of width 1.5mm
was chosen for CEST imaging, and high-resolution T2W image was
obtained using RARE for anatomical overlay with CEST processed
images. The acquisition time for high-resolution T2W images was
2 min and 8 s with a matrix size of 256 × 256. For CEST data acqui-
sition, the RARE pulse sequence was used. Saturation pulses with
B1 = 4 mΤ were applied for a total duration of 3 s, which consisted
of 10 rectangular block pulses 300 ms long with a 10-ms delay be-
tween the pulses. WASSR images were collected for generating B0
maps using 42 offsets from −1.5 to +1.5 ppm and B1 = 1.5 mT. For
the 72-offset CEST data acquisition, the offset frequency was incre-
mented between ±7 ppm with an interval of 0.2 ppm for 1 to 2 hours
after injection. The time taken for each set of 72 offsets was 6 min
and 0 s, and the other sequence parameters were as follows: TE/TR,
3.49ms/5 s; number of averages, 1; RARE factor, 32; matrix size, 48 ×
48; field of view, 28 × 20 mm2; spatial resolution, 0.58 × 0.41 mm2;
and centric encoding. Three sets of 72 offsets were collected with the
same experimental parameters before administration of iopamidol.
Iopamidol was injected through the tail vein at a dose of 1.5 g of io-
dine per kilogram. For the two-frequency offset data acquisition, the
offset frequency was toggled between 4.2 and 5.5 ppm repeatedly,
and CEST images at these two offsets were collected for 1 to 2 hours
just after administering iopamidol. The time taken for each CEST
image acquisition was 5 s. Eight to 10 pre-injection sets of 4.2 and
5.5 ppm images were collected. Field of view was 30 × 20 mm2, in-
plane spatial resolution was 0.62 × 0.41 mm2, and other parameters
were the same as in the 72-offset protocol.

MRI data analysis of contrast maps and FF
CEST MRI data (both before and after injection) were extracted
using custom-written MATLAB functions to calculate the Z-spectra
of mean pre-injection images. For the analysis of the results, the
mean pre-injection Z-spectra were subtracted from all post-injection
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images. The “smooth” function in MATLAB was used to apply a
moving average filter at each frequency. This moving average filter
was applied on the time series data to remove fluctuations in signal
due tomotion. The smoothening factor used in the averaging process
was ~40 neighboring images, with this choice based on the size of the
data and the range of fluctuations. After smoothening, 10 to 20 images
were averaged to generate the corresponding parameter maps (con-
trast, FF, and pH). Images acquired between 40 and 50 min after
injection were considered for the calculation of parametric maps on
Mut+/− and Mut−/− mice. For calculating the contrast and FF, CEST
images at 4.2 ppm were used. Time-contrast uptake curves were ob-
tained by calculating the average ST over pixels selected by two ROIs,
one over each kidney. Maximum contrast maps were generated by
calculating the pixel-by-pixel maximum ST on two ROIs, one over each
kidney, overlaid on the corresponding T2W image. The time-averaged
maximum contrast images were calculated by taking 10 to 20 images at
correspondingpost-injection time. TheFFwas calculated bydetermining
the percentage of pixels in the kidneys with a contrast >20% of the max-
imum contrast detected at 4.2 ppm for each mouse. The time-averaged
FF over 10 images was used to generate the FF bar plot.

In vivo MRI pH calculation
In vivo pH was calculated in a similar manner to the in vitro pH cal-
culation. The calibration equation used was pH = p1 × (ST ratio)3 +
p2 × (ST ratio)2 + p3 × (ST ratio)1 + p4 with p1 = − 0.0317, p2 = 0.4463,
p3 = − 2.5029, and p4 = 20.5146. The root mean square error of the fit
is 0.0714. From the images corresponding to the two offsets, 4.2 and
5.5 ppm over time, ~16 images were selected, with the initial image
occurring 40 to 50 min after injection for both Mut+/− and Mut−/−

mice for time averaging. The pixel-by-pixel ST ratio was calculated
for these images, and using the in vitro calibration equation, the pixel-
by-pixel pH was calculated. This was masked using the >20% con-
trast criteria found for the FF pixels. Mean pHmaps were generated,
and the mean pH range observed was calculated by averaging the pH
of the images selected. Histogram plots of pH for both RD and HP
diet mice were calculated for the pH images by keeping the bin size of
200 between the pH values of 4 and 10. After producing the histo-
grams, these data were fit to a normal distribution (Gaussian function
was used) to obtain the mean or the most probable pH and range in
pH for each mouse. The full width at half maximum of this Gaussian
function was used to quantify the DpH values across the kidneys.

In vivo B0 inhomogeneity maps
In vivo B0 inhomogeneity maps were generated from the WASSR
experiment performed before the injection for each mouse. WASSR
Z-spectra for ROIs drawn over both the kidneys were extracted and
interpolated inMATLAB using cubic spline interpolation. The water
shift was measured pixel by pixel, as described previously, to obtain
the DB0 maps over the kidney. DB0 maps were overlaid on the cor-
responding high-resolution T2W images to obtain the DB0 maps
shown in fig. S6.

Blood and histological analysis of renal tissue
Before and after the MR imaging session, the weights of each mouse
were determined. Blood samples were collected serially before and
at 1 and 2 months on the RD or HP diet. The collected blood was
centrifuged for 15 to 20 min at 3000 rpm to separate plasma from
cells. Mice were sacrificed to extract the renal tissues, and axial cut
portions of left and right kidneys were fixed separately using 4%
Pavuluri et al., Sci. Adv. 2019;5 : eaaw8357 14 August 2019
paraformaldehyde solution and stored in a 4°C refrigerator. Other
axial cut portions were frozen at −80°C for RNA extraction and
real-time polymerase chain reaction to assess Lcn2 (or neutrophil
gelatinase–associated lipocalin) mRNA expression (TaqMan probes
used: Mm01324470_m1, for Lcn2, normalized to Gapdh expression:
Mm99999915_g1), as previously described.
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Fig. S1. In vitro results at RF saturation field strength of 3 mΤ.
Fig. S2. In vitro pH measurement variation as a function of DΒ0 shift at 4-mΤ RF saturation
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Fig. S3. In vitro pH measurement variation with DΒ0 shift at 3-mΤ RF saturation power.
Fig. S4. Biochemical and clinical measures in the RD and HP Mut−/−;TgINS-Alb-Mut mice as
compared to heterozygote littermates.
Fig. S5. In vivo Z-spectra.
Fig. S6. Representative DB0 maps for RD and HP diet mice.
Fig. S7. pH-histogram plots depicting the percentage of pixels across the detectable pH range
and normal distribution analysis for all control (Mut+/−) mice imaged in this study.
Fig. S8. pH-histogram plots depicting the percentage of pixels across the detectable pH range
and normal distribution analysis for all Mut−/− mice imaged in this study.
Fig. S9. MRI metrics versus weight correlation plots for HP and RD Mut−/− mice.
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