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The utility of triple-quantum (TQ)-filtered 2Na NMR spec-
troscopy for discriminating between intra- and extracellular
Na*(Na;" and NaZ, respectively) in a solid tumor in vivo was eval-
uated using TmMDOTP®~ as a 22Na shift reagent. Infusion of 80 mM
TmDOTP®~ without added Ca®* produced baseline-resolved Na;"
and NaJ peaks in both single-quantum (SQ) and TQ-filtered *Na
spectra. The Na;" signal represented 22 4= 4% of the SQ spectrum,
but 59 4= 10% of the TQ-filtered spectrum. Therefore, the Na;" con-
tribution in TQ-filtered spectra is much higher than in SQ spectra.
Both SQ and TQ-filtered Na;" signals increased by about 75% 1 h
after sacrificing the animal. The TQ-filtered relaxation times did
not change during this time, indicating that changes observed in
TQ-filtered spectra collected with a preparation time of 3 ms rep-
resent changes in the concentration of sodium ions contributing to
the TQ-filtered signal. Similar experiments were conducted without
TmDOTP®™ to determine changes in the Na; signal in the absence
of the shift reagent. The changes in total SQ and TQ-filtered sig-
nals 1 h after sacrificing the animal showed that the SQ Na signal
decreased by approximately 35%, while the TQ-filtered Na; signal
did not change significantly. This demonstrates that the TQ-filtered
23Na signal is relatively insensitive to changes in Na} content. To
our knowledge, this work represents the first evaluation of multiple-
quantum-filtered 2*Na spectroscopy to discriminate between intra-
and extracellular Na* in a solid tumor in vivo. © 2001 Academic Press

Key Words: 2Na MRS; shift reagent; tumor; multiple-quantum-
filtered spectroscopy; rat.

INTRODUCTION

celland two K into the cell at the expense of one ATP molecule.
In turn, the transmembrane Ngradient is used to drive several
vital physiological processes, such as maintenance of norm
cell volume and transport of other ions (e.gH, land C4") and
metabolites (e.g., glucose and amino acids) into and out of th
cells. The [N&]intumors is generally elevated compared to nor-
mal tissue {—3). Though the precise mechanism for increasec
Na&" in tumors has not been elucidated, it may result from abnor
malities in tumor blood flow, oxygenation, energy metabolism,
and ion transport processes. Because the transmembrane N
gradient plays a key role in the survival of cells in the hostile
environment of the tumor, a noninvasive method for monitoring
Na" in solid tumorsin vivo will be useful in experimental and
clinical cancer research.

23Na nuclear magnetic resonance (NMR) provides a conve
nient, relatively sensitive, nondestructive method for detectin
Na' in biological tissue and has been the focus of numerou
imaging studies in animalgl{-6) and humans?-9). However,
Na' exists in only one chemical form in tissue; consequently
its signals from intra- and extracellular compartments are co
incident. One popular method for removing this degenerac
is to use a hyperfine frequency shift reagent (SR)—2.
We have shown that the thulium-based SR, thulium-1,4,7,10
tetraazacyclododecane 1,4,7,10-tetrakis(methylene phosph
nate) (TmDOTP") produces baseline-resolved intra- and ex-
tracellular®>Na resonancem vivo from a number of tissues
including a subcutaneously (sc) implanted tumor with minimal
physiological perturbation1@—17. However, an SR safe for

Most viable cells maintain a low intracellular sodium (Na human studies is not yet available.

concentration against a higher extracellular sodiung (\Nan-

Analternate potential method for discriminating betweefi Na

centration. This transmembraneNgradient is achieved by the and Ng is the use of multiple-quantum (MQ) filters. Because
action of Na /K *+-ATPase, which pumps three Naut of the 23Na has a spin quantum numbetB/2, there are four possible

spin orientations. This results in three possible single-quantur
(SQ) transitions, two double-quantum (DQ) transitions, and ont

1 This work was supported in part by Grants HL-54574, CA-84434, and CAFiple-quantum (TQ) transition. Whe¥iNa is transiently bound
94040 from the NIH. A part of this work was presented at the Eighth Scientifiy macromolecules, electric field gradients created at those sit

Meeting and Exhibition of ISMRM, April 4-9, 2000, Denver, CO.

2 To whom correspondence should be addressed at Department of Radiolo

act as effective relaxation mechanisr8)(allowing the coher-
%%Ce transfer rule to be violated and MQ transitions becom

B1 Stellar-Chance Laboratories, University of Pennsylvania School of Medicing, ™~ . ;
422 Curie Boulevard, Philadelphia, PA 19104-6100. Fax: (215)573-21180Ssible 19, 20. Because of the high concentration of macro-
E-mail: navin@mail.mmrrcc.upenn.edu. molecules in the intracellular space, it was proposed that Na
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should produce a large MQ-filtered signal, while the more aquieetamine (91 mg/ml) and acepromazine (0.91 mg/ml). One jugt
ous nature of the extracellular spaces should produce very litthe vein and a carotid artery were cannulated through a midlin
MQ-filtered signal 21). Studies on human blood sampl@g) neck incision. The jugular vein was used to infuse TmMD&TP
and various animal model23-26, however, have shown a sig-while the arterial catheter was connected to a pressure transdu
nificant contribution of N& in MQ-filtered spectra. In compar- (Ohmeda Medical Devices, Madison, WI) and used to measul
ison to SQ spectra, however, MQ-filtered spectra have a myalise pressure and heart rate on a digital blood pressure mc
larger contribution from Na. MQ-filtration techniques have dis- itor (Columbia Instruments, Columbus, OH). A tracheotomy
tinct advantages over SRs in that they do not require the admivas performed and the rats were mechanically ventilated «
istration of exogenous chemical agents, can be used repeat@lyoreaths/min with a tidal volume of 2.5 énasing a Har-

in serial experiments, and can be used in humans. Thereforgaed Model 680 Rodent Respirator (Harvard Apparatus, Sout
23Na SR is required for absolute discrimination ofNend N&  Natick, MA). An ip catheter was used to provide additional
signals, but MQ-filtration techniques may be useful for monanesthesia during the NMR experiment.

toring changes in Nacontent. SR infusion protocol. NayHTmMDOTP (molecular weight
Ithas been demonstrated in the perfused rat heart and in theg@d) was purchased from Macrocyclics Inc. (Richardson, TX)
liver in situthat the small but measurable Nsignal that passes Stock solutions of 80 mM TmDOTP were prepared as de-
through a triple-quantum (TQ) filter is largely unchanged dukcribed earlier 13). Infusion of SR was initiated at a rate of
ing ischemia and other physiological perturbatiot® @4-2§. 2 mi/h. After 10 min, the rate was gradually increased tc
Thus, changes in total TQ-filterédNa signal intensity in the g mi/h over a period of 40 min and then maintained at this leve
absence of an SR may directly report changes in"[NBOW-  for 20 min. After achieving a chemical shift difference of 3—
ever, changes in the TQ-filtered Naignal of thein situliver 4 ppm between Naand N& resonances (typically 45-60 min
during global ischemia were shown to be different than changgsger the start of SR infusion), the infusion rate was reduced t
in the SQ N4 signal (L2, 25. A similar disparity between SQ 12 mi/h to maintain a steady shift. No &avas added during
and TQ-filtered signals has been seen in bradif),(but not in  infusion of the SR.
red blood cells Z8) or heart 26). These findings suggest that SQ and TQ-filtered®Na spectral data collection. Al NMR

this phenomenon may be tissue dependent. In the present Stg%erimems were performed on a 9.4-T, 8.9-cm vertical bor

we have mvestlgated_ the use of TQ-f|Ite?é_Na MRS for monl- magnet interfaced to a Varian INOVA console (Varian, Inc., Palc
toring changes in Nain a subcutaneously implanted OL gllomaAlto, CA). A 1.5-cm-diameter single-turn surface coil, tunable

in rats using TMDOTP" to lift the degeneracy between theto 106 MHz, for*®Na was placed over the tumor. A small glass

Na" and N& signals. We have compared the changes in SQ | taini M TmDOTE M NaCl |
TQ-filtered N& and N& signal intensities during ischemia proéfBg b containing 5 mMTmDOTE and 60 mM NaClwas placed

. e ) _ . on top of the surface coil as an external reference. The typic:
duced by exsanguinating the animal. We believe that this st P YPIC:

. . ) Fminal 90 pulse width at the reference bulb was 3§.
represents the first evaluation of MQ-filter&tlla spectroscopy SQ23Na spectra were collected using a simple pulse—acquir
to discriminate between intra- and extracellular'fNa a solid

S sequence with a 3fls excitation pulse and a 10s spectrom-
tumorin vivo. eter dead time followed by acquisition of 1024 complex date
points over a spectral width of 10,000 Hz. A predelay of 100 m:
was used and 128 signal averages were collected for each ¢

Tumor cell culture. 9L tumor cells were maintained in CeIIspectrum. TQ-filtered spectra were collected with the following

culture in McCoy’s 5a supplemented with fetal calf serum (5@"‘%e sequence.g),

10%) and 20 mM Hepes, at pH 7.4. Cells were maintained in

experimental growth by routine passage, twice weekly. New @)o=7/2~(O)o~(D)0+7/2-(0)0)-7/2

cultures were started from frozen stocks every 3 months. Tu- — (0)@10/2—0—(0) r j2—(tac) +

mors were started by trypsinizing cultures, stopping the trypsin

with spent media, and centrifuging at 20g@r 2 min at 4C.  whered is a nominal 90 pulse,t is the MQ preparation time,

Spent medium was decanted and the cell pellets were rinsed {§ the MQ evolution time, antycqis the data acquisition time.

phosphate-buffered saline (PBS), pH 7.4. Cells were concerhe composite 4—20—6) pulse is placed at the center of the

trated to 16/ml in PBS. preparation time to refocus magnetic field inhomogeneities an
Rat tumor model. All animal protocols were approved bychemical shift. TQ coherences were selected using the 48-st

the University Laboratory Animal Research committee of Thghase cycling schemé&Z2). The basic phase cycling scheme for

University of Pennsylvania. Male Fisher 344 rats, weighing 125elective detection of TQ coherences consisted of six steps

150 g, were injected with-10° 9L cells sc in the flank. When which the phas& = nz/3, wheren was cycled through 0, 1,

the tumor size reached2 cm diameter, the animals were pre2, 3, 4, 5. The FIDs resulting from the pulse sequence wer

pared for NMR experiments. The animals were initially anesdternately added to and subtracted from computer memor

thetized by anintraperitoneal (ip) injection of a 0.2-ml mixture o€ YCLOPS phase cycling was included with the basic phas

METHODS
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cycling by incrementing all the pulse phases in steps/@and effects and by line broadening applied to the free-induction de
appropriately routing the quadrature data in computer memocgy (FID) before Fourier transformation. To minimize the effect
giving a 24-step phase cycle. In addition, the phase of the coai-time-related changes in [N&during the measurement, the
posite §—20—0) refocusing pulse was incrementedsbyiving data were collected in eight blocks of 48 transients for each
a 48-step phase cycling scheme. As in the SQ experiment, tladue. In addition, the order of thevalues was randomized.

6 pulse width was 3Q:s. A 10 us dead time was followed by  Experimental protocol. The magnet was shimmed on the
acquisition of 1024 complex data points over a spectral wid$Q 2>Na FID to a linewidth of 35-50 Hz. A S&*Na spec-

of 10,000 Hz. Typically, a preparation delay)(of 3 ms and trum and a TQ-filtered®Na relaxation curve were collected.
an evolution delayd) of 20 us were used. The value ofwas TmDOTP~ was infused to shift the Napeak to 3—4 ppm. A
selected by initially collecting a series of TQ-filtered spectr8Q spectrum and another TQ-filtered relaxation curve were ot
with varioust delays and choosing the value that gave the magined with the stable Nashift. Tumor ischemia was produced
imum signal intensity. Thé delay was kept as short as possibley terminating the animals because it is very difficult to stop
to reduce signal loss due to TG} relaxation. A predelay of blood flow to the tumor by clamping its base while the animal is
100 ms was used and 384 signal averages were collectedifthe magnet. Animalsy= 5) were terminated by withdrawing
each TQ-filtered spectrum. blood through the arterial catheter. This method of killing the an:

Modulation of TQ-filteredNa! signal. Modulation of the imal was chosen because it provides a quick and certain death
TQ-filtered N& signal from the tumor was measured as a fun@ Specified time point. One could terminate the animal by givin
tion of the evolution time to authenticate the true TQ natut€Cl or an overdose of anesthesia, but we have found that the:
of the signal. A true TQ-filtered signal is modulated accordingterventions reduce the Nashift. SQ and TQ-filtered spectra
to the equationZ9), (r =3 ms) were collected continuously for the next hour. An-

other TQ-filtered relaxation curve was then collected to deter

| = locos(6rvs) e/ Tre, [1] mineT, andTys 1 h after death. To determine the changes in SC

and TQ-filtered N@ signal in the absence of SR, the experimen-
wherel is the amplitude of the modulated signhj,is the sig- tal protocol was repeated without the infusion of TmDOTP
nal amplitude a6 = 0, v is the frequency offset in Hz, andin a second set of animala £ 3). The true MQ nature of the
Trq is the TQ transverse relaxation time. Therefore, a true TQg! signal was tested in a third set of animats<(3). After
filtered signal would have a maximum positive signal intensitychieving a stable Nashift, TQ-filtered spectra were collected
ats =0, anull ats = (12v)~1, and a maximum negative in-with differents values corresponding to the positive maximum,
tensity ats = (6v)~. The Ng signal from the tumor was first null, and negative maximum modulation points.
shifted by about 4 ppm from the Nepeak by infusing the SR.  Data analysis. SQ and TQ-filtered FIDs were Fourier-
The spectrometer frequency was then set on th¢ 8lgnal, transformed after baseline correction and multiplication by &
and TQ-filtered™*Na spectra were collected wididelays corre- single exponential corresponding to a 10 Hz line broadenin:
sponding to the positive maximum, null, and negative maximugsing Nuts (Acorn NMR, Livermore, CA). SQ resonance area:s
modulation points of the Nasignal. were determined by spectral curve fitting and TQ-filtered reso

23Na relaxation time measurementA change in the fast and nance areas were determined by integration using Nuts. Cun
slow transverse relaxation time$,( and T,s, respectively) of fitting was used for SQ spectra to minimize errors due to overlap
23Na could cause a significant change in the observed TQ-filtereilg shoulders of the Naand N& peaks. On the other hand,

signal intensity for a given value according to the relation?), TQ-filtered spectra did not have overlapping peaks, but hav
a much more complicated lineshape than SQ spectra becaus:

| = A(e"/TZS - e"/TZf), [2] TQ-filteredsignalisal1:1difference oftwo Lorentzians of equal
areas but different widthsl®). Therefore, TQ-filtered spectra

whereA is a constant related to the number of nuclei that prevere integrated after magnitude calculation. Because only relz
duce the TQ-filtered Nfasignal. ThereforeT,sand T, of intra-  tive changes in SQ and TQ-filtered signals were measured, tw
and extracellular sodium in the tumor were measured befatiéferent methods for measuring SQ and TQ-filtered peak aree
and 1 h after sacrificing the animal. TQ-filtered spectra weoeuld be used.
collected at 15 values afranging from 0.38 to 96 ms, whereas Values forA, T, andT,s were determined by fitting the TQ-
8 was kept constant at 20s. All other spectrometer and pulsefiltered peak areas to Eq. [2]. The relaxation times of Nethe
sequence parameters were set as described above. TQ-filtakesknce of TMDOTP were calculated by subtracting the raw
ZNa relaxation curves were produced by plotting signal areelaxation data points of Nafrom the corresponding raw re-
against preparation time. Fast and slow transverse relaxatiaxation data points of total Nawithout the SR. The subtracted
times were determined by fitting the data points to a biexpourve was then fit to Eq. [2]. These calculations assume the
nential curve. The effect of lineshape @awas ignored be- the presence of TnDOPP in the extracellular space does not
cause the linewidth is determined mainly by fieldinhomogeneighange the relaxation time of NaThe fact that we observed



SQ AND TQ-FILTERED?3Na NMR OF TUMOR 73

no change in the Nalinewidth during infusion of increasing resolved in the TQ-filtere@®Na spectrum after infusion of the
quantities of TMDOTP" suggests that this assumption shoul8R. Itis apparent from Fig. 1 that the TQ-filter8la spectrum
be valid. contains a much greater Naontribution than the SQ spectrum.
Averaged over 5 animals, the SQ;Neontribution was 22 4%
RESULTS (meand SEM) of the total SGNa signal while TQ-filtered Na
contribution was 5% 10% of the total TQ-filtered signal. Once
As reported previously 12—-17, 29, infusion of 80 mM discernible from the Naresonance, the Naesonance intensity
TmDOTP~ without added CH did not dramatically affect the did not change with further infusion of the SR, suggesting tha
developed pulse pressure or heart rate; a decrease in mean @rie@OTP~ does not alter the Naconcentration in the tumor
rial blood pressure from 100-110 to 70—-80 mm Hg was typicalt the doses required to resolve the two signals.
Figure 1 shows SQ and TQ-filtered spectra collected before andrhe ?3Na signal from the reference bulb containing a known
after infusion of SR. The TQ-filtered spectra were collected atnount of N& can be used to convert the $¥a signal intensi-
a preparation delay value that gave the maximum signal ampies into intra- and extracellular Na@oncentrations, as described
tude ¢ = 3 ms). Before SR infusion, the SQ spectrum contairngeviously (6). While these measurements were not performe
two signals: the signal at 0 ppm represents the total sodiumthe present research, we have conducted similar experimer
in the tumor and the signal at 8 ppm arises from the referensigowing that S*Na NMR gives identical values compared
bulb. The TQ-filtered spectrum shows only the tumoFNes- to ICP spectroscopyl{). The [Ng] in 9L gliosarcoma was
onance at 0 ppm. The fact that the aque&ida signal from 19 mM. This is similar to many normal tissues such as liver an
the reference bulb does not appear in the TQ-filtered spectriidney. However, [Na] in the brain is only 5-12 mM. Thus, the
indicates successful filtration of the SQ coherences. glioma has approximately twice Naconcentration compared
After infusion of the SR, the SQ spectrum clearly shows three the normal brain.
resonances: Naat 0 ppm, Ng@ at 3 ppm, and the reference Quantitation of TQ-filtered*Na signal intensity using sim-
signal at 8 ppm. The Nlaand Ng resonances are also clearlyilar procedures is not straightforward because of the use of
surface coil. The TQ-filtered signal intensity (peak height) from
Ng" was approximately 7-10% of the SQ signal intensity in the
9L glioma. In a homogeneous RF field, the TQ-filtered signa
intensity is expected to be 25-40% of the SQ signal intensit
for a value ofr which gives maximum TQ-filtered signal in-
tensity (L2). The TQ-filtered signal intensity was lower in our
experiments because we used a surface coil. A surface coil pr
duces a nonuniform magnetic field, causing variations in th
flip angle at different regions of the tumor. Single-quantum anc
MQ-filtered>>Na signals have different flip angle dependences
(30), and therefore, the two signals cannot be compared withot
correcting for these effects.
To prove the true MQ nature of the Nasignal, the ampli-
TQ-Filtered 22Na Na;* tude of the shifted peak was modulated by varyingdielay.
Nag* Figure 2 shows TQ-filtered®Na spectra obtained from the
in vivo tumor with the Ng resonance shifted by 3.9 ppm. The
8 delay was set to 2@s (left), 202us (middle), and 404s
. (right). As in Fig. 1, the preparation delay was set to 3 ms
%5 10 5 0 -5 -10 1% 10 5 0 5 -10 With the shortest delay § =20 us), Ng appears at a positive
ppm ppm maximum. Withs = 202 us, the shifted peak is approximately
nulled. The slight Na signal intensity at thi§ may arise from
FIG. 1. SQ (top) and TQ-filtered (bottonffNa spectra before (left) and \nstaple shift, biological motion, or inhomogeneous distribu

after (right) SR infusion. Two signals are present in the SQ spectrum befqre . .
infusion of SR: total N& in the tumor at 0.0 ppm and the signal from the refer(-%Ion of SR in the extracellular spaces. The;l\signal reaches

ence bulb at 8 ppm. Only the tumor signal is present in the TQ-filtered spectr@regative maximum witld = 404 KS. Because the_ Nareso-
before the SR. The lack of signal from the aqueous solution in the reference bance shows the expected modulation as a functigndefiay,

demonstrates successful filtration of SQ coherences in the TQ-filtered spectrype conclude that the |\Jasigna| is of true TQ-filtered origin.

After infusion of the SR, three signals are seen inthe SQ spectrum:turﬁmﬂ\la Similar results were obtained after the animal was sacrifice
0.0 ppm, tumor N at 3 ppm, and the reference signal at 8 ppm. After im‘usiont,data not shown

the two signals corresponding to i1‘\Iand N4 canalso be seeninthe TQ-filtered . ) . . .

spectrum. It is clear from the spectra collected after SR infusion that the TQ- Figure 3 shows the relative changes in SQ (solid rectangle:

filtered spectrum contains amuch highefNamponent than the SQ spectrum.and TQ-filtered (open circles) Nasignals before and up to

Before SR After SR

+
Na Total
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5=20us 6=202ps 8 =404 us TQ-Filtered Na;* Relaxation Times
Na;* Na* Na;* 2

s Na;" Alive

1.5 o Na;"Dead

Nag*
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FIG. 2. TQ-filtered?Na spectra obtained with = 20us (left), 202us
(middle), and 404us (right). Since the Na signal is shifted 3.9 ppm relative =
A . . - —8 . -
:\? Jl:lq., it is modulated accorq_lng to Eg. [1]. With Naset on resonance, the . 0 20 40 60 80 100
ag signal appears as a positive maximum (left), null (center), and a negative
maximum (right). Therefore, we conclude that thefNgignal is of true MQ T (ms)
origin because it displays the proper modulation characteristics.

FIG. 4. TQ-filtered Né’ relaxation curves obtained before (solid squares)
and 1 h after (open circles) sacrificing the animal. Before sacrificing the animal

1 h after sacrificing the animal. The SQ and TQ-fiItere¢ Nalzs= 1314 1.2 ms andT,; =1.00£0.13 ms. The value ofqp before death

. . . 2.78 ms. After deatips= 155+ 0.6 ms andT,; = 0.87 & 0.05 ms, cor-
resonance areas were normalized to their respective value beffte” ’* 2s 2 =90
responding to aopt of 2.65 ms. The fast and slow relaxation times were not

s_acrificing th_e animal. One hour after death, both SQ and TQynificantly different before ahl h after sacrificing the animaP(> 0.1). The
filtered N& signals reached a steady value approximately 758lid lines represent least-squares fits to the data points.

higher than their values before death. Thus, we can see that

relative changes in SQ and TQ-filtered;Nsignals after death ] . ] ] ]
were similar. Ng'" signal intensity plotted againstdelay before (solid rectan-

Since the TQ-filtered spectra obtained after death are collecfgS) and after (open circles) sacrificing the animal. As indicate
ata singler delay, changes in transverse relaxation times coufiFig: 3. the N& signal intensity increased by about 75% after
cause significant errors in estimating TQ-filtered longitudin@crificing the animal. The transverse relaxation times fgr,Na
magnetization. TQ-filtereg®Na relaxation data were collecteghoWever, did not significantly change after death. As shown ir
before ad 1 h after sacrificing the animal to determineTif, 1able 1,Tzs and Tpr for TQ-filtered Na signal were 13.1-

andT, relaxation times had changed. Figure 4 shows TQ-filterdg? @nd 1.00= 0.13 ms, respectively, before terminating the
animals, and 15.5 0.6 and 0.87 0.05 after terminating the

animals @ > 0.1). The optimumr delay to achieve maximum
22 TQ-filtered N& signal intensity before and after death are 2.78
- SQNa* and 2.65 ms, respectively. Both of these values are very clos
—o— TQ-filtered Na* to thet delay of 3 ms that we used to collect the TQ-filtered

2.0

Z spectra after sacrificing the animal. The slight variation$,in
k5 181 andTys before and after death can produceyo®l% variations
(:i 16 in TQ-filtered signal intensity at 3 msdelay.
5 To determine the effects of sacrificing the animal on the SC
@ 1.4 and TQ-filtered N signals, we repeated the experiments with-
g out infusing the SR. The presence of TmDOTRAN the ex-
_f%’ 121 tracellular space greatly alters the relaxation characteristics ¢
s the N& signal. As shown in Table 1, th&s and Ty of TQ-
o om A filtered Ng in the presence of SR were 13t01.5 and 0.97
! 0.19 ms, respectively. These relaxation times in the absence
0.81— . , ; ; ; - SR were 38.74 5.4 and 1.18+ 0.17 ms, respectively (see be-
0 10 20 30 40 50 60 low). Because TQ-filtered signal strongly depend&dta relax-
Time (min.) ation characteristics, the presence of SR can alter the TQ-filtere

_ _ _ _ signal drastically.
FIG. 3. Relative changes in SQ (solid rectangles) and TQ-filtered (open Figure 5 shows the relative changes in total tissue SQ an

circles) Nq‘l* resonance areas before andaify h after death. TQ-filtered spectra - 23 . . .
were collected withr = 3 ms. The animal was sacrificed at Time 0. One houTQ'flltered Na Slgnal intensity before and up h after

after death, SQ and TQ-filtered Naignals increased by approximately 759%sacrificing the animal. The total tissue SQ S_ignf_il intensity de
compared to their values before death. creased by approximately 10% after exsanguination. Atthe sarn
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TABLE 1

75

Experimental TQ-Filtered 2Na Transverse Relaxation Times (in ms) in the sc Implanted 9L Glioma

Before terminating the

After terminating the

Percentage change

animal animal in TQ-filtered®Na
signal intensity at
Tos Tos Tos Tot T=3ms
Total tissue N& 329+12 0.834+0.06 21640.9 0.874+0.02 5.4%
in the absence of
SR
Nq+ in the 131+1.2 100+0.13 1554+ 0.6 0.87+0.05 —6.2%
presence of SR
Nag in the 130+ 15 0.97+0.19 121412 0.744+0.18 —-1.9%
presence of SR
Nag in the 387+54 118+0.17 285+ 114 0944+ 0.38 —-1.4%

absence of SR

Note The relaxation times of Nn the absence of TmDOPP were calculated by subtracting the raw relaxation data points of
Ng" from the corresponding raw relaxation data points of totaf Méthout the SR. The last column lists the percentage change in
the observed TQ-filtered signal intensityrat= 3 ms because of the changeiNa relaxation time on terminating the animal.

time the TQ-filtered signal intensity increased by approximateiiy the T,s was largely because of an increase in"NBigure 6
42%. The decrease in S8Na signal intensity was because of &hows the TQ-filtered relaxation curves of theNsignal cal-
decrease in Nafrom blood loss. The TQ-filtered signal inten-culated by subtracting the Naelaxation data points from the
sity increased largely because of an increase ih dtancentra- total Na relaxation data points. As with the Naignal shown in
tion. These changes in SQ and TQ-filteféa signal intensity Fig. 4, there is no significant difference in relaxation times befors
clearly demonstrate that simple S&Na NMR spectroscopy and 1 h after sacrificing the animal (before dedta;= 38.7+
and imaging may not be able to detect tissue damage in certgin msT,; = 1.18+ 0.17 ms; after deatfi,s = 28.5+ 11.4 ms,
situations and TQ-filtered®Na NMR techniques are sensitiveT,; = 0.94+ 0.38 ms,P > 0.1). The standard errors in these
to changes in Na relaxation times are much greater than thé Kelaxation times,
The T,s and T of total tissue TQ-filtered Nasignal in the
absence of SR were 320 1.2 and 0.83t 0.06 ms, respec-
tively. One hour after deatf,s decreased to 2146 0.9 ms, but

TQ-Filtered Na_* Relaxation Times
Ty (0.87+£ 0.02 ms) did not change significantly. The decrease Q-Fi N

16 - 10 [ § Nae+ AllVe
% g S ; © Na,* Dead
g " —o TQ-filtered Nar .
% 1.4 1laT449 b £ .
é @ &Y |9 g 06
e Dy’ T\ Y £
® 13 JT Y g .
; T 2 o4
o 1.2 1413 :
2 g | 2
K . »
E o1 ’
< i3 &
'9 10 ‘. 0 T T T T T
§ 0.9 -
) 0 1IO ZIO 3:0 4IO 5IO 6'0 FIG. 6. TQ-filtered N& relaxation curves obtained before (solid squares)

and 1 h after (open circles) sacrificing the animal. Before sacrificing the ani
mal, Tps=38.7+5.4 ms andTys = 1.18+ 0.17 ms, corresponding to @y of
4.25 ms. After deathlos = 285+ 11.4 ms andT,; = 0.94 4+ 0.38 ms, corre-

FIG.5. Relative changesin totaltissue SQ (solid rectangles) and TQ-filteregonding to apt of 3.32 ms. As was seen for Nathe fast and slow relaxation
(open circlesf3Na resonance areas before andaip h after death. TQ-filtered times were not significantly different beforedah h after sacrificing the animal
spectra were collected with= 3 ms. The animal was sacrificed at Time 0. OngP > 0.1). The large errors seen in these relaxation time measurements are d
hour after death, total tumor SQ signal decreased by 10% compared to betoranimal to animal variability. The solid lines represent least-squares fits to th
death while the total TQ-filteretPNa signal increased by approximately 45%.data points.
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because the calculation of [aelaxation time requires measurebecause data from two different groups of animals (one termi
ments from two groups of animals (the;Neeasurements from nated in the presence of SR and the other in the absence
animals with SR are subtracted from the totaiMaeasurements SR) were used in the calculations. The errors were calculate
from animals without SR to obtain the Naignal). The animalto by taking the root-mean-square of the errors in both the group:
animal variability causes these measurements to have very laf¢j¢ relative contribution of SQ Nasignal to the total tissue
variations. The NA relaxation times correspond tgy values decreased fron¥80 to~55% 1 h after death, while the relative
of 4.25 ms before death and 3.32 ms after death. A charifg in contribution of TQ-filtered N& signal remained approximately
andT,; from 38.7 and 1.18 ms to 28.5 and 0.94 ms, respectivef}g%. These data suggest that although TQ-filté#dth signal
can produce only a 1-2% increase in TQ-filtered signal intenskgntains a significant contribution from Nathis signal is in-

at 3 mst delay. Thus, it is safe to assume that the changess@nsitive to possible changes fromNand may be considered
Na’ transverse relaxation times after sacrificing the animal d&$ a constant background signal. Thus, TQ-filtéféta NMR

not alter the observed TQ-filterééNa signal intensity. can be used for monitoring changes in'Na the tumor model.
Because the relaxation times of TQ-filtered™Nend Ng sig-
nals (in the absence of SR) do not change significantly on sacri- DISCUSSION

ficing the animal, the changes in the Nsignal in the absence
of the SR was calculated by subtracting the'é&nal intensity e have evaluated, for the first time, the utility of TQ-filtered
in the presence of the SR from total signal intensity without tiéNa spectroscopy for discriminating between;Nand Ng
SR. The total tissue SQ and TQ-filtered signal intensities weifea solid tumorin vivo using TMDOTE~. We have demon-
normalized to 1 for both groups of animals (one group withodtrated that the Nasignal represents about 22% of the SQ
SR and the other group with SR). The relativg™N@ntribution  spectrum, but about 60% of the TQ-filtered spectrum. There
was calculated from the animals that received the SR and wWage, the Ng contribution in TQ-filtered spectra is much higher
subtracted from the total Nasignal intensity measured fromthan in SQ spectra. The observed 40% contribution frofh iNa
animals without the SR. These calculations yielded the relatiye)-filtered spectra from the 9L glioma is similar to the contri-
contribution of Ng to the SQ and TQ-filtered signals relativeputions reported from thia vivorat liver (25) and the perfused
to the total tissue SQ and TQ-filtered Naignal before termi- rat heart 24).
nating the animal. The results of these calculations are showrnwe also observed that both SQ and TQ-filtereq Ngnals
in Fig. 7. Again, the error bars in the data are relatively larggcrease by about 5 1 h after sacrificing the animal. The TQ-
filtered relaxation times do not change during this time, indicat:
ing that changes observed by TQ-filtered spectra $véfual to

0.9 3 ms represent changes in TQ-filtered magnetization. We cor
- SQNa* ducted similar experiments without the SR to determine change
0-8'..E —o-TQ-filtered Na* in the N& signal. By subtracting the SQ and TQ-filtered:Na
%‘ signals from the total SQ and TQ-filtered signals, we see the
8 077 1%4 the SQ Ng signal decreases 35%, while the TQ-filtered!Na
£ Wﬁ{ il signal does not change significantly. This demonstrates that tt
g 0.61 IYT’M" TQ-filtered >Na signal is relatively insensitive to changes in
» %MTI Nal content. Similar results have also been demonstrated i
g‘” 057 IM* LH‘I L*T‘H L the rat liver 5). The TQ-filtered N@ relaxation times are also
¢ g4b3 &NM] TJ:lT 7 T ﬂ HT statistically identical before a@hl h after sacrificing the animal.
£ 0 1\{\? i MT“T)T l H L}ﬁ/H \TTTW Both the observations that Na@ontributes a larger percentage
& 0.34 ! to the TQ-filtered spectrum than the SQ spectrum and that Na
' L A B decreases with time in the SQ spectrum but notin the TQ-filtere
0.9 . ‘ . . spectrum suggest that there are at least two different pools «

Na_; one “free” pool that does not pass through a MQ filter, anc

another “bound” pool that interacts with macromolecules anc

can pass through a MQ filter. Srinivasatral. (31) have recently
FIG.7. Effects of ischemia on SQ (solid rectangles) and TQ-filtered (ope?OWN that addition of Li quenches both DQ- and TQ-filtered

circles) Ng signal intensity relative to total tissue Nantensity before termi-  2Na resonance from unsealed and cytoskeleton-depleted hum

nating the animal. TQ-filtered spectra were collected witual to 3 ms. Total red blood cells because of competitive binding of bt the N&

Nat signal intensity collected without the SR was subtracted froriﬁ Blignal binding sites on the plasma membrane. This strongly sugges

intensity in the presence of the SR to determine the changesiraftier death. . . . . .
The relative contribution of SQ Nasignal to the total signal decreased fromthat the TQ-filtered N§ signal originates from interaction of

L . .
~80 to 55%, while the relative contribution of TQ-filtered Naignal did not N W'th ex_trace”war membrane proteins. Because changes |
change significantly. Na! signal intensity in SG*Na spectra result from a change

Time (min.)
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in extracellular volume and not ljaconcentration, the pool of flow on MQ-filtered?*Na signal intensity and relaxation time
sodium that interacts with the extracellular membrane proteinsing a phantom consisting of two cylindrical compartments
may not change with changes in Neontents. This may explain Normal saline containing 10 mM TmDOTP was circulated
why the TQ-filtered Na signal is relatively constant despite athrough the outer compartment of the phantom to mimic bloot
decrease in the SQ Nasignal. flow and the inner compartment was filled with normal saline
Upon sacrificing the animal, we observed that SQ and T@10% agarose gel to induce the biexponential relaxation cha
filtered N&" signals increased in an identical fashion. Likewisecteristic of N&. The flow of saline was changed to various
the increase in TQ-filtered Nain the perfused hear82, 33 flow rates while collecting TQ-filteregNa spectra. We did not
is very similar to the increases seen in SQ'N#gnal @4). In  observe any MQ-filtered signal from the outer compartment an
contrast, the TQ-filtered Nasignal in the liver 25) and the DQ- the signal intensity from the inner compartment did not chang
filtered N& signal in the brainZ7) increase much more thanat any flow rate. The relaxation time values with and withou
the respective SQ Nasignals. The discrepancies seen betwedlow were also identical. These observations suggest that flo
SQ and TQ-filtered Nasignals in the brain and liver have beerdoes not affect the efficiency of the MQ filter in discriminat-
attributed to changes in macromolecular binding upon ischeniiigg between mono- and biexponentially relaxing sodium or the
causing more Nato undergo MQ transition2g). There could measurement of relaxation times with a surface coil.
either be an increase in the amount of electrostatic binding sitedVlonitoring and imaging of changes in Nan tumors by MQ
available to N& or a change in the percentage ofNeon- filter techniques have numerous potential applications. Thie Na
tributing to the TQ-filtered signal due to the large amount @foncentration in tumors is generally elevated compared to no
Na. entering the cell. The first hypothesis may cause a changel tissue {—3). We have previously shown that the Naon-
in TQ-filtered relaxation times because the dominant factor efentration in the 9L gliosarcoma {819 mM (17). This is ap-
fecting Ty is macromolecular bindingg). In fact, the value of proximately twice compared to the Naoncentration in the
T, in the liver doubled after sacrificing the anima$j, suggest- normal brain. Measurement of Naontent by invasive means
ing that macromolecular binding contributes to the discrepanitya variety of cancer types has demonstrated a positive correl
between SQ and TQ-filtered Nasignals. Of course, it is also tion between Na content and mitotic activityl=3). As mitotic
possible that both of the mechanisms contribute to the highativity constitutes an important prognostic factor used in the
increase in TQ-filtered Nacompared to SQ Na Since we ob- design of a therapeutic plan, assessing” Nantent by MQ-
served equal changes in SQ and TQ-filtered Nignals and the filtered 23Na MR spectroscopy and imaging in tumors could
Tos relaxation times do not change with sacrificing the animgbrove to be a valuable tool for the clinical evaluation of tumors
we conclude that the changes in TQ-filteredNségnal intensity MQ-filtered**Na MR may also be useful in detecting early re-
from the tumor are entirely due to Naentering the cells. sponse to therapy because tumor physiology and metabolis
In the present study a surface coil was used to obtain SQ aaré expected to change during the course of therapy. It would
TQ-filtered?*>Na spectra from the sc implanted 9L glioma. Thémportant to be able to assess the ongoing results of therapy d
use of a surface coil presents three problems. First, itis very diffig the treatment course because therapy parameters or ther:
cultto compare SQ and TQ-filtered signal intensities because thipe could be modified on the basis of such data. We have rt
two signals have different flip-angle dependen@8.(Second, cently shown that chemotherapy of sc implanted 9L glioma witt
Brown and Wimperis36) have shown that if the flip angle of the1,3-bis(2-chloroethyl)-1-nitrosourea produced a 60% decreas
refocusing pulse used in the spin-echo and multiple-quantum fil- TQ-filtered 22Na signal intensity compared to untreated tu-
tration experiments deviates from T8Ben the measured trans-mors @7). Thus, MQ-filtered?®>Na MRS may prove useful for
verse relaxations show a strong dependence on flip angle. Thaynitoring response to therapy. There is great interest in er
proposed the use of a MQ filter pulse sequence without the ref@ncing tumor response to nonsurgical therapy by various phy
cusing pulse to reduce this problem. However, the effects of mamogical and metabolic manipulations such as altering tumo
magnetic field inhomogeneity are not refocused with their puldéood flow, oxygenation, or energy metabolism. Because the:s
sequence. In our experiments, we used a composite refocusimnipulations are also expected to altef Navels in tumor and
pulse to avoid problems arising from both the main magnetice transmembrane Nayradient plays a key role in the survival
field inhomogeneity and the RF field inhomogeneity. We hawd cells in the hostile environment of the tumor, MQ-filtered
checked the effects of RF field inhomogeneity on the relaxatié®Na MR techniques may also prove useful in monitoring tumo
time measurements with our MQ filter sequence by measuriggnsitization to therapy.
the relaxation times of a gel phantom using a surface coil andin conclusion, the results of these experiments show: (1) th
a volume coil. Both coils gave identical values ik and Ty TQ-filtered >>Na signal has a much higher contribution from
for the gel. Another potential problem because of the inhomogsg" than the SQ signal, (2) the TQ-filtered and SQ"Nag-
neous RF field from a surface coil is that translational diffusiomals increase in an identical fashion after sacrificing the anima
of sodium in and out of the region affected by the coil can altand (3) the TQ-filtered Nasignal remains relatively constant
the effectiveness of an MQ filter. We investigated the effect dispite large changes in Naontent. These findings suggest



78

WINTER AND BANSAL

that changes in total TQ-fiIteré&Na signal intensity (Without 19. G. Jaccard, S. Wimperis, and G. Bodenhausen, Multiple-quantum NMR
an SR) in the 9L tumor model may accurately reflect changes

in

Ng'. These techniques may prove to be useful for diagnoaié

and treatment of cancer.
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