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Metabolites in proton chemical exchange with water were de-
tected via the water proton signal using saturation transfer tech-
niques in model systems and biological tissues. The metabolites
were selectively saturated and the resulting decrease in the much
larger water proton pool was used to monitor the metabolite. This
indirect detection scheme can result in a several orders of magni-
tude increase in sensitivity for metabolites over direct detection
methods. A control irradiation scheme was devised to compensate
for macromolecular/water magnetization transfer. Using this ap-
proach, significant chemical exchange regions at ~1 and 2.5 ppm
were detected in kidney medulla. Using a difference imaging
technique between a control irradiation above (—1.74 ppm) and
below (+1.74 ppm) the water resonance, a chemical exchange
image of the kidney was calculated. These data revealed a linear
gradient of chemical exchange increasing from the cortex to the
medulla. Studies on medullary acid extracts and urine revealed
that the exchange observed in the kidney was predominantly with
low molecular weight metabolites. Urea (1 ppm) was identified as
contributing to the kidney/urine chemical exchange; however,
other unidentified metabolites may also contribute to this effect.
These studies demonstrate that tissue metabolites can be detected
and imaged via the water protons using the signal amplification
properties of saturation transfer in the presence of water/macro-
molecule magnetization transfer. © 1998 Academic Press

Key Words: urea; ammonia; saturation transfer; pH; urine; kid-
ney; MRI; muscle; chemical exchange.

INTRODUCTION

most effective under slow to intermediate exchange condition
where the exchanging spins can be adequately resolved a
sufficient exchange occurs between the molecules, relative
T,, to detect a transfer. This limitation reduces the number o
reactions that can be detected with ST; however, it may im
prove the specificity of this measurement in complex biologica
tissues. Studies using ST in the fast exchange domain have al
proven usefuin vitro using a model fitting routine6.

Previous studies showed that by saturating the exchangeat
protons on small metabolites (i.e., ammonia) the associate
decrease in water proton intensity results in orders of magn
tude higher sensitivity when compared to direct detecti)n (
This increase in sensitivity occurs because even a 1% decree
in the ~100 M water signal with metabolite saturation results
in a 1 M water proton signal associated with the metabolite
The increase in signal-to-noise using this indirect detectio
scheme was shown to be adequate to image the distribution
low-concentration metabolitéa vitro. However, no informa-
tion on the use of this approach in intact tissue has bee
provided.

The purpose of this study was to explore the use of ST fo
the measurement and imaging of proton chemical exchanc
between metabolites and water in biological tissues. There al
numerous problems in attaining this goal as pointed out i
earlier studiesg). The magnetization exchange between the
broad proton resonance in many macromolecules and wter (
has a very wide frequency bandwidth that will interfere with
transfer associated with a metabolite. In addition, the potenti

Proton chemical exchange between water and metabolitespectral overlap and near-fast exchange rates of many mete
a common biological process. Metabolite/water proton cherolites may make the specific assignment of a detected exchan
ical exchange can range from fast to slow depending on ttificult. Environmental conditions such as pH, ionic compo-
chemistry of the exchange sites, temperature, pH, and magitjon, and temperature may also alter the metabolite exchan
other factors. NMR saturation transfer has been extensiveste, complicating the detection or quantitation of metabolites
used to evaluate proton and other nuclide chemical exchangke focus of this work was threefold: (1) to evaluate method:
in vitro andin vivo, providing unique insights into a variety of of compensating for the broad macromolecule/water magnet
chemical reactionsl( 2). In addition, several strategies haveation transfer in ST detection of proton chemical exchang
been presented to image the distribution of chemical excharggween water and free metabolitesyitro; (2) to determine
using saturation transfer in the magnetization preparation piesignificant metabolite chemical exchange can be detected i
riod of an imaging sequenc8<5). Saturation transfer (ST) is biological tissues and begin to identify the molecules involved
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and (3) to attempt to image the distribution of metabolite/water NMR METHODS
proton exchange in tissues.

To accomplish these goals, experiments were performed oiThe spectroscopic experiments were conducted on a Bruk
model systems to validate techniques as well as numerdA@S 300 spectrometer with an observe frequency of 300.1
biological tissues. MHz. The observation frequency was set on the water peak ar

the decoupler was used to apply the off-resonance saturatio
Studies were conducted under steady-state conditions with t

MATERIALS AND METHODS irradiation time three times the measur&gd (~15 s). The
chemical shift of the exchanging protons was determined vi
direct observation or by sweeping the irradiation frequency
from +333 to —333 ppm from water as previously described

The model system consisted of a 3% purified agarose def detecting the enzyme intermediates in phosphorus e
made up in saline with a 25 mM phosphate buffer (Signhange experiment8). Frequency steps were varied depend-
Chemical Co., St. Louis, MO). Agarose has been previousdijd on the experimental goals and results. Typically, these da
shown to provide a large magnetization transfer effect withere plotted in the form of water amplitude versus irradiatior
water similar to biological tissue8) Different concentrations frequency at a constant irradiation power. These action spect
of ammonia (10, 100, 300, and 500 mM) in agarose wef$ the off-resonance irradiation are referred to as magnetizatic
prepared to determine the effects of macromolecule magnéfansfer spectra. Once the irradiation frequency for the metat
zation transfer on the detection of chemical exchange betweite had been determined, the irradiation power was varied t
water and ammonia. Experiments were also conducted in fHed the optimal power setting at the metabolite resonanc
absence of agarose. To optimize the chemical exchange gfgdquency relative to the control irradiation on the opposing
cesses, the pH was adjusted to5. (The pH of the gel was Side of the water resonance. This generally resulted in irrad
confirmed using a universal optical pH indicator included iAtionB; fields on the order of  10~° T. Specific irradiation
the gel (Fisher Scientific Co., Fair Lawn, NJ). A pH of 5 willfield strengths are provided in the figure legends. These expe

not significantly affect the magnetization transfer between aggi€nts, in the presence and absence of agarose or ammor
rose and waters). provided the data to devise a strategy for compensating for tr

macromolecule magnetization transfer in the metabolite chen
ical exchange detection.
Tissue Preparation The spin-lattice relaxatioi, was measured with an inver-

. sion recovery experiment on the Bruker system. The range
Male Sprague—-Dawley rats (350—400 g: Taconic, Germapyersion delaysT;) was between 0.001 and 27 s, with a 15-s

town, NY) were anesthetized with an intraperitoneal injectio&edday_ The water peak amplitudes were fitted to a singl
of 0.8 mg ketamine (100 mg/ml), followed by a 1.5-ml injeCayponential to determin®,. The T, in the presence of metab-

tion of heparin (1500 units/ml IP: AJ Buck, Owens Mills, MD)gjite saturation T,.,) was determined to estimate the rate of
and decapitation. Rabbit kidneys were obtained from mal@emical exchangel, ., was measured with an inversion re-
New Zealand White rabbits (2.0 to 4.0 kg: Hazelton ReseargByery experiment with irradiation of the metabolite. In these
PI’OdUCtS, Denver, PA) The rabbits were |n|t|a”y anesthetiz@iperiments the magnetiza‘tion was prepared with a 15-s of
with an intramuscular injection of a mixture of ketaminefesonance irradiation before beginning the inversion recoven
acepromazine (180 mg/2 mg), intubated, and placed onpger the 180° pulse the irradiation was again applied tc
Siemens 900c ventilator (Siemens Medical Systems, Danveffintain the spin saturation during the inversion recovery time

MA) Anesthesia was maintained with 2% isoflurane. Animahshe range Oﬂ'i values for these experiments were the same a
were sacrificed with 6 meq of KCI IV. Animal tissues werghose given above.

harvested and samples placed into 5-mm tubes for NMR spec-
troscopy studies, with the exception of some rabbit kidne
which were used for MRI experiments; see next section. A
experiments were conducted at room temperature. Rabbit kidneys were inserted into a 25-mm NMR tube anc
Perchloric acid (PCA) extraction was used to precipitate thgaced in a MRI microscope system. Experiments were pel
large molecular weight proteins from the tissue homogenatéstmed at 500 MHz on a Bruker 500 DX equipped with
PCA extraction was performed by mixing together a 15% PCifnaging gradients. A gradient recalled echo acquisition se
solution with an equal volume of tissue homogenate at 5°Guence was modified to include an off-resonance presaturatic
After centrifugation, the supernatant of this mixture was nepulse with the decoupler channel. This pulse was 5 s,X..5
tralized and the PCA precipitated out with KOH. After anothet0 ® T, and +1.74 ppm from the water protons. The power
centrifugation the supernatant was used as the final protein fesel frequency was determined from previous spectroscop
sample. studies on kidney samples at this frequency. An irradiatior

Model System

Iagnetic Resonance Imaging
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FIG. 1. Magnetization transfer spectrum of model systems. (a) Pure water and water plus 500 mM ammonia at pH 5.0. (b) Tap water, 3% agarose v
mM ammonia at pH 5.0. (c) Data from (b) where the higher frequency irradiation data is reflected on the lower frequency data around the water res
frequency. The insert plot is the linear regression of these two data sets arising from the irradiation above and below the water réseita@gg (d) Data
from (b) where the same treatment as in (c) was applied to the agarose—ammonia data. The difference spectrum is the higher frequency irradiation data—
frequency data. This is the same convention used in the remaining difference spectra presented in this manuscript.

frequency of=1.74 ppm provided the largest difference in thaighly symmetrical around the water resonance. To emphasi:
MT spectra at 500 MHz. The images were collected with thiis effect, the data points from irradiation frequencies abov
following parameters: FOV 25 mm, 128 128 digital resolu- water were reflected around the water resonance onto the low
tion, 4 averages per phase encode,TRs and TE= 3.16 ms. frequency irradiation points (Figs. 1c and 1d). The overlap o
the reflected data suggest a symmetry around the water res
RESULTS nance. Performing a linear regression on these two data se

o results in a slope of 0.98 andRwvalue >0.999. Finally, by
A magnetization transfer spectrum for pure water andé)aerforming a subtraction between the lower and higher fre

solution of 500 mM ammonia (pH 5) is presented in Fig. 1a. - |
uency data, the spectral characteristics of the asymmetry c:
Zero ppm corresponds to the water resonance frequency wr%re

water was directly irradiated and the amplitude is reduced S d|rectl.y agcessed (Fig. 1d). Using this approach, the amm
near zero. The second minimum in the ammonia sample, & contribution was fOU”F’ to .be. at2.4 ppm. These results
approximately 2.4 ppm, corresponds to the ammonia res%l_ggested that a control |rrad|at|_0n equal in frequency abov
nance. The selective decrease in water proton magnetizatiof1§;Water resonance should provide an adequate control for ¢
2.4 ppm irradiation is due to the chemical exchange of ammJdarose or macromolecular effects on the lower frequenc
nia protons with the water. The same experiment performediffdiation. The method of reflecting the high frequency irra-
the presence of agarose is shown in Fig. 1b. Despite ti@tion data on the lower frequency data and difference spect
broadening of the magnetization transfer spectrum due to b&fhthis data set will be the standard presentation of the mag
magnetization transfer with agarose and changes in water mgtization transfer spectra throughout the remainder of thi
laxation times, the ammonia effect can still be detected agaper.
specific decrease in the 2.4-ppm region. We attempted to quantify the concentration of ammonia ir
We noted that agarose magnetization transfer spectrum wlasis system by estimating the pseudo-first-order rate consta
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ear with [NH;] and was quantitatively similar to previous
studies in solution in the absence of agardse Yarying the

agarose concentration from 1.5 to 5% had no effect on th
calculatedk, (not shown), suggesting that the measuremen
was independent of the degree of macromolecular magnetiz
- tion transfer with water. The limitations of this quantitative
approach will be further reviewed in the Discussion section.
At physiological pH values, we reasoned that most of the
detectable exchange processes would be in amines, amides,
- ammonia with exchangeable protons with resonant frequenci
in the range 3 to 1 ppm from water. Thus, an asymmetry in thi
magnetization transfer spectrum, with more water saturatio
occurring with the low-frequency irradiation, was initially
i taken as a method of screening different biological tissues fc
0.0 L4 1 metabolite/water chemical exchange. Experiments were col
0 100 200 800 400 500 ducted on the rat brain, muscle, spleen, heart, and liver, as we
Ammonia Goncentration (mM) as the cortex and medulla of the rabbit kidney. Some of thes

FIG. 2. The calculated first-order rate constant for ammonia water egtata are presented in Figs. 3 and 4. The largest asymmetry
f:ha}nge versus the corjcentr.atizon of ammonia in 3% agarose at pH 5.0. The {jpg magnetization transfer spectra was observed in the rabt
Is fit by linear regression with” = 0.99. kidney medulla (Fig. 4c). A significant effect was also ob-
served in the heart. The kidney cortex, liver, and brain showe

: n asymmetry with irradiation frequencies5 ppm from
for the ammonia water exchange rate to compensate %&ter

chgnges in th_e relgxation rate. Sinpe the macromolecule wag, Eetter visualize the frequency dependence of the asyn
being equally irradiated on either side of the waFer resonanﬁ:ﬁetr% difference spectra between the data collected with irre
we usgd_the same approach presenteq by Ugm@'t.() reduce iation above and below the water resonance were evaluate
a multisite exchange problem to a simple two-site exchangg seen in Fig. 4a the heart had a maximum-atppm from

process. Requirements for this simplifica_tion include (1) thgfaier The kidney medulla had a more diffuse effect in the
the macromolecule be equally saturated in control and EXPH{agnetization transfer spectrum with maximum effects a
imental conditions; (2) that fraction of total spins in the me- 5o 4 1 ppm from water (Fig. 4b). These chemical shifts
tabolite pool be small relative to the water pool of protons; angle ot outside of the chemical shift of nitrogen containing

(3) that the spin—lattice relaxation of the metabolite protons l?r?etabolites found in urineld, 12 and may correspond to
identical to the spin—lattice relaxation rate of water, whic mmonia and urea respectivély Because of the large effect
implies that the lifetime of the metabolite proton is dominat ' '

. ¢ ) q by | _the renal medulla and high concentration of metabolites, wi
by Its rate of conversion to water, and not by Its own Sping,,centrated our efforts to further characterize this effect it
lattice relaxation process. In these samples all of these requies s e
ments were met. First, the macromolecule effect was symmetr, o< re that the magnetization transfer spectrum asyn
rical around water, resulting in identical saturation conditior]§ietry was due to free metabolites, and not due to an asymm
with the control and experimental irradiation periods (Fig. 16}y, iy the macromolecule magnetization transfer characteris

The water proton pool is much larger that the metabolites. T s, PCA extracts of the medulla were analyzed. A PCA

T, of 100 mM ammonia was found to be indistinguishablg, 5+ \yill not contain the denatured proteins and structurz
from that of water at 2.81 s. Using thls_approach this mums't&ements. The magnetization transfer spectrum of the PC
exchange process reduced to a two-site exchange pralessd,act revealed almost the identical asymmetry in the magn
tization transfer spectrum (Fig. 5) as detected in the intac
Ka = 1/Tya(1 — Ms/Mo), (1)  medulla with maxima at-2.4 and~0.9 ppm. Note that the
macromolecular contribution to the transfer has been elimi
where k, is the pseudo-first-order rate constant for waterated and the off-resonance irradiation effect is essentiall
chemical exchange with ammonid,,;is the T, in the pres- gone above 6 ppm. These data suggest that the asymmetry
ence of ammonia (and macromolecule) saturation, Mo is thiee magnetization transfer spectrum is due to the small metal
water signal with macromolecular saturation, and Ms is thdites concentrated in the medulla and not due to macromole
water signal with ammonia and macromolecule saturatioular structures.
Figure 2 is a plot ok, as a function of [NH] in 3% agarose  Since the urine contains many of the metabolites found ir
using this approachl,s,; was determined as described in thé¢he kidney medulla, we assayed urine samples from the san
Methods section. The pseudo-first-order rate constant was Bmimals. As seen in Fig. 6, the asymmetry in the magnetizatio

w
o
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FIG. 3. Magnetization transfer spectra for rat tissiresitro. (a) Brain, (b) liver, and (c) spleen. Again the reflected data is from the higher frequency de
points reflected around the water resonant frequency.

transfer spectrum was also found in the urine. Again ped&kn) such as ammonigb). The 2.5-ppm asymmetry was not
effects were observed at2.4 and~1 ppm. All of these data observed in the urea standard (Fig. 7a). The pH dependency
collected in the renal medulla and urine are consistent with Idive 2.5-ppm asymmetry is consistent with ammonia contribut
molecular weight metabolites contributing to the asymmetigg to the water magnetization transfer spectrum.
observed in the magnetization transfer spectrum in the rabbifTo further assess the contribution of urea to the magne
medulla. tization transfer spectrum in urine, urea was removed usin
We focused on urine samples because urine could be dble enzyme urease. The addition of urease decreased asy
lected in large volumes and data were available on its compuetry in the magnetization transfer spectrum but did no
sition. Some of the metabolites with exchangeable protonsétiminate it (Figs. 8a and 8b). In the difference spectrum
this region of the proton spectrum are ammonia, urea, creatinegase decreased the 1 ppm contribution with little effect ol
creatinine, histidine, indoxyl sulfate, and hippuric acid. The pkthe 2.5 ppm asymmetry consistent with the removal of ure:
dependence of the irradiation effect was investigated to héhpm the sample.
identify the types of compounds contributing to the reaction in Magnetization transfer spectra were collected for creatine
urine. The pH was varied by titration over several pH unitgreatinine, histidine, indoxyl sulfate, and hippuric acid solu-
The results for a urine sample and urea sample are showrtioms of 10 to 50 mM. No significant asymmetry was observec
Fig. 7. At acid pH values (pH 5 or lower), the water and ureia the individual solutions, or in combinations of these com-
approach intermediate exchange rates, broadening the watsunds alone or together at physiological urine pH values
line. However, an analysis of the difference spectra reveal thfedditions of these compounds, in the millimolar range, to urine
the ~1-ppm signal from urea can still be observed. In urindid not increase in the magnetization transfer spectra asymm
samples a similar pH dependency was observed in-thggpm try, suggesting that no catalyst for their water proton exchang
region. These results suggest that urea is contributing to {seel3) exists in urine.
1-ppm component of the asymmetry in urine. AR.5 ppm The large and specific asymmetry in the magnetizatior
from water in urine, the off-resonance effect was smaller btransfer spectrum of water seen in the renal medulla suc
increased with increasing pH, the opposite of the urea. Thegested that this effect could be imaged in the intact kidney
results suggest that the 2.5-ppm asymmetry is caused bysing the rabbit kidney in a 500-MHz microimaging sys-
base-catalyzed reaction (i.e., increasing with base concenten, MRI experiments were conducted with the off-reso-
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FIG. 4. Magnetization transfer spectra from the rat heart and regions of the rabbit kidney. Difference spectra between high-frequency irradiatic
low-frequency data. (a) Rat heart, (b) rabbit kidney cortex, and (c) rabbit kidney medulla.

nance irradiation applied to the center of the asymmetsjty corresponds to regions with chemical exchange or a
observed in the magnetization transfer spectrum-at74 asymmetry in the magnetization transfer spectrum. As see
ppm from water or the control at1.74 ppm. The power of in these images, most of the chemical exchange was limite
the irradiation was adjusted to attain the maximum diffete the medulla in agreement with the earlier fractionation
ence between these off-resonance effects in image projsetudies. The decrease in signal amplitude outside of th
tions. A difference of these two images was used to visudidney in the region of the medulla is believed to be due tc
ize the distribution of the chemical exchange process. Thebe direct suppression of intrarenal fat during the contro
images are presented in Fig. 9a. A decrease in signal intent.74-ppm irradiation. The effect through the medulla was
analyzed by evaluating the signal intensity along a columi
from the center of the medulla out to the cortex as shown ii
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FIG. 7. The pH dependence of the magnetization transfer spectrum of urea and rabbit urine. (a) The pH dependence of the entire magnetization
spectrum for a 500 mM solution of urea. (b) The difference spectra, (high-frequency-ddlagv-frequency data), for the data presented in (a). (c) The pH
dependence of the entire magnetization transfer spectrum of rabbit urine. (d) The difference spectra for the data in (c).

Fig. 9b. The chemical exchange effect linearly increased DISCUSSION

within the medulla from the cortico-medullary region to the
papillary tip. This is a distribution very similar to that found These studies show that ST can detect metabolites in protc

for urea, sodium, and other molecules concentrated by ttleemical exchange with water in the presence of water/macr
countercurrent system in the kidney (for example, $d¢ molecule cross-relaxation. Quantitative measures of the ammor
These results are consistent with asymmetry in the magrencentration in agarose gels were made using a compensat
tization transfer spectrum being associated with one of teeheme for the underlying water/macromolecule cross-relaxatic
metabolites that is concentrated in the renal medulla.
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FIG. 9. Chemical exchange imaging of the rabbit kidney at 500 MHz. (a) Control and difference image of the experimental irradiation (1.74 ppm at -
10 ¢ T) minus the control irradiation-{1.74 ppm). All images were collected with a gradient recalled echo sequence with details presented in the Met
section. (b) Pixel amplitude along the cortico-medullary axis of the kidney. Pixels were averaged along the column outlined in the difference image in th
Pixel from 0 to 20 correspond to the irradiation of fat in the control, pixels 20 to 40 correspond to the medulla, and pixels 40 to 80 represent the cort:
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several tissues and urine by determining the asymmetry of #ddence suggest that other compounds are also involved: (1) T
magnetization transfer spectrum. Most of the asymmetry could tmagnetization transfer spectrum of urea in water has a maximu
ascribed to a larger decrease in the water amplitude when irragffect at~1 ppm from water, whereas a component-&5 ppm
ated at frequencies below the water resonance. Exploiting thias consistently observed. (2) At pH values above 6, no ST we
asymmetry, water—metabolite chemical exchange images of tieserved in urea standards, but ST in the 1-ppm region we
mammalian kidney were collected at 500 MHz. observed in urine samples (Fig. 7). (3) The pseudo-first-order ra

The water macromolecule magnetization transfer spectrum veamstant of urine versus the concentration of urea did not pa
symmetrical around the water resonance out®ppm in aga- through the origin (data not shown) as it should if urea was solel
rose as well as many of the biological tissues studied (see Figse@ponsible for the exchange. (4) The removal of urea with urea:
and 4). An asymmetry in the magnetization transfer spectrum wasluced the asymmetry in the magnetization transfer spectru
present in tissues and urine caused primarily by the irradiatiarine, but did not eliminate the effect, especially in the 2.5-pprr
frequencies below water resulting in a larger decrease in wategion. These data suggest that urea does play some role in 1
amplitude than the same offset above water. This effect was notsymmetry detected either directly or as a catali3), put all of
in two general spectral regions, a broad effect farther than 5 ppine asymmetry in the magnetization transfer spectrum cannot |
from water and more localized effects from 4 to 1 ppm. ascribed to urea alone.

Pekaret al. (15 found a small diffuse asymmetry in the The effect at~2.5 ppm from water has the appropriate
magnetization transfer spectrum at 4.7 T in the cat brairivo, chemical shift for ammonia (Fig. 1) which is present in low
which was most pronounced20 ppm from water, using much concentrations in the urine of rabbits. In addition, the pH
higher irradiation power. Very little asymmetry was observedependence of the 2.5-ppm region is apparently base catalyz
within ~2 ppm of water, consistent with oimr vitro data on rat (i.e., increasing rate with increasing base concentration) &
brain (Fig. 3). Most tissues studied did have an increase in theeviously shown for ammoni&). These two results suggest
off-resonant irradiation effect at frequencie$ to 10 ppm from that ammonia may contribute to the 2.5-ppm effect but doe
water. This effect in brain, renal cortex, and liver may be due twt rule out other compounds. It should also be pointed out th:
chemical shift in the macromolecule protons since the chemithe spectral resolution of these studies is quite poor because
shift (>5 ppm) is at the limits of small metabolites. Potentiallghe spectrally broad effects of the off-resonance irradiation the
intermediate exchange with a metabolite could asymmetricaily a function of both thel;, T, (16) and chemical exchange
broaden the water line beyond the chemical shift of the metabolitde. Therefore, chemical shift alone is not definitive in the
as observed with urea at acid pH values (Fig. 7). Further stud@ssignment of the magnetization transfer effects.
will be required to localize the origin of this5-ppm component  To identify compounds, other than urea and ammonia, whic
of the magnetization transfer spectrum. may contribute to the chemical exchange asymmetry in kidne

The largest asymmetry at 3 to 1 ppm was found in the remalkedulla, a study of known urine compounds in the millimolar
medulla and was the focus of most of the attention in thi®ncentration range was performed. All of these metabolites b
study. The topology of the asymmetry in the magnetizatidghemselves, in various combinations, or added directly to urin
transfer spectrum was assessed using MRI and tissue fractidio- not show a significant effect at urine pH values. These
ation studies. The asymmetry was localized in a linear gradigesults implied that any other compound or compounds cor
in the renal medulla similar to that existing for ions andributing to the asymmetry are in very low concentrations
metabolites concentrated in the urine. Nearly identical asyifibelow millimolar), where hundreds of candidate compound:
metries in the magnetization transfer spectrum were foundrimy exist. A very low concentration metabolite could cause the
medullary PCA extracts and the urine, both free of macromd&T effects observed as long as its rate constant was significa
ecules as confirmed by the magnetization transfer spectrostative to the watefl;. A survey of the literature with high-
(i.e., lack of a broad component exchange, Figs. 5 and 63solution proton spectra of urine reveal that many small res
These data suggest that the magnetization transfer spectamances are present in the 2.5- to 3-ppm region which have y
asymmetry in kidney medulla is caused by water proton chemo-be assigned (for examples, sek 19. Indeed, an unknown
ical exchange with water soluble low molecular weight concompound may be near intermediate exchange rates broade
pounds in the cellular or extracellular space. ing its resonance, making its direct detection difficult even

The most obvious candidates at these chemical shifts withder high-resolution conditions. Further studies will be re-:
exchangeable protons are urea and ammonia that are concentiiéed to sort out the origin of this chemical exchange proces
in the renal medulla and urin&4). It is important to note that urea in urine and the kidney to establish whether other compound
and ammonia are present in both the cellular and extracelludae contributing to the effect. One interesting study may be ti
compartments of the kidney and the differentiation of these tweollect a series of images with different offset frequencies tc
compartments would be difficult. Studies suggesting that ureaeistablish the distribution of the different components of the
contributing to the 1-ppm magnetization transfer spectrum comagnetization transfer spectrum asymmetry throughout th
ponent are based on the chemical shift of the effect, pH depé&idney. In the current study only one ‘mean’ frequency was
dence in urine, and the effect of urease. However, several linesualuated.
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The use of the high-frequency control irradiation provided space is buffered. Thus, all of the spectra provided should
method of compensating for the background magnetizaticonsidered ischemic tissue at room temperature. How close
transfer with the macromolecule. This approach was usedthese spectra will track normal tissue at physiological pH an
guantitate metabolites in gels and qualitatively in MR imaginggmperature in unknown. No information anvivo conditions
experiments. A compensation scheme was presented for iherovided in this initial study. The ischemia-induced acidifi-
guantitation of ammonia in agarose gels. However, to quantiation is most likely also affecting thia vitro kidney images
tate other metabolites in tissues, or even fluids, will requiollected. Since the urea exchange rate was more effective
appropriate calibrations between metabolite concentration ageherating a saturation effect at acid pH values, urea is pre
pseudo-first-order rate constants as a function of pH, iordictably dominating the effect in these images. In addition
environment, temperature, and so forth. As shown in Fig. 5 feome of the topological distributions within the kidney could
urea, which is only 1 ppm from water, as exchange approactaso be due to the distribution of pH and not solely the
intermediate rates at acid pH values, the linewidth increasedistribution of metabolites. Other factors can also serve a
urea will defeat the simple quantitation approach used in thiatalysts for proton—water exchange that could alter the mag
study since the metabolite will effectively encroach on theetization transfer effect in addition to the simple concentratiol
control irradiation region. Under these conditions a more sof the metabolite 13).
phisticated modeling scheme will be requird. (This is one  Relatively small magnetization transfer spectrum asymme
of the reasons that ammonia, 2.5 ppm from water, was usedriss were observed in tissues other than the kidney. Thes
our initial model system. results suggest that similar metabolite—water chemical ex

Another concern may be exchangeable protons at higletrange may be occurring in these tissues which may warral
frequencies than water in complex biological tissues (e.durther study, specifically the 4-ppm component in heart. We
hydroxyl groups) or other sites which would distort this regiodid not pursue these other tissues because of the large effe
of the spectrum. In addition, fat protons may be selectivetietected in the kidney, which provided the largest signal tc
saturated during the control irradiation, which could influenogork with in this preliminary study. However, because of the
images created from both fat and water protons, as shownlange gain in signal obtained using ST effects on water, thi
the rabbit kidney. Fat proton effects on images may be mirdpproach may be worth pursuing further in biological tissues i
mized by using nonsaturating fat suppression approaches (fwe specificity issue can be better addressed.
example, sed7) in combination with the off-resonance irra-
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