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In this Communication *H MRI and MRS microscopy experi- employed. These spheroids were cultured using the V79 ce
ments of individual V79 lung tumor spheroids with diameters |ine originally derived from Chinese hamster fibroblasts
between 5_50 and 650 um are reported. The results have been qsed The V79 cells were obtained from the American Tissue
to determine the Ty, To, and_D values aswellgs the concentrations  iture Collection (ATCC) and carried as monolayers ir
gfwater_, total_chollne, <_:reat|ne/phos_phocreatlne, and mobile lipids Minimal Essential Media (MEM) containing Earle’s salts.
in the viable rims anq in the necrotic centers._ © 1998 Academic Press Media was supplemented with 10% fetal bovine serum, 20
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ng/ml gentamicin, and 25 M of HEPES buffer (pH 7.4).
Spheroid growth was initiated by transferring cells from

Multicellular tumor spheroids are usediasvitro models to confluent monolayer cultures onto bacteriological plate:
study avascular tumor growth important for cancer researffit€’ 48 h, developing spheroids were transferred to .
(1-6). In recent years, magnetic resonance (MR) microscopﬁ@o'ml spinner flask and stirred at 50 rpm. Sphero_ld diarmr
imaging (MRI) has been used successfully to visualize tlf4€rs ranged between 500 and 90 after five days in the
microscale heterogeneities characteristic of three-dimensiofBIinner flask. All cultures were incubated with 5% £i@
spheroid morphology in a non-invasive way, investigate réi" at 37°C. Prior to each series of MR measurements,
gional differences in the distribution of intra- and inter-cellula?ingle spheroid was selected from the spinner flask ar
water, and monitor the kinetics of tumor invasi@-9). It is placed into a solution contaln_lng phpsphate-buffered salin
well known that besides MRI localized magnetic resonanéBBS) and 1 wt % low melting point agarose. The PBS
spectroscopy (MRS) is extremely useful for the study of metolution was maintained Just_ above the melting point of th
abolic changes in diseased tissues and the effects of therapy¢&/0S€ gel{34°C), and a pipette was used to transfer thy
resonance lines of several cellular compounds such as chofR&ieroid together with a small amount of liquid solution intc
and mobile lipids are observed with intensity values that hagel-3-mm-i.d. glass sample tube. Once inside, the samg
been linked to tumorigenesis, increased proliferation of cell$iP& was slowly rotated as the gel formed while the sampl
cell apoptosis, and necrosisQ—20. Therefore it is a logical Was allowed to cool to.room temperature. This rotatior
extension of the MR microscopy work on spheroids to inve§nsured that the spheroid would be properly centered ai
tigate whether MRS will also display spectral features whictPmPpletely encapsulated, thereby preventing undesired co
can be associated with the specific properties of the varid@t with the glass walls. . _
microregions within a spheroid. In a recent study the radial The experiments were performed using a Varian UNITY
variation of proton spectra within individual spheroids waBlus imaging-spectrometer equipped with a standard 89-mr
reported, and 1D proton chemical shift imaging was used fygrtical-bore magnet operating at 11.7 T. The microimagin
monitoring the effects of cyclocreatine (CY) treatment on larg&oPe was manufactured by D. G. Cory and co-workers (MIT
C6 glioma spheroids with a diameter of 1 mm or largas)( and contalped a gr§d|ent coil package capable of generati
Besides the CY resonance, the only resonance observed &gnetic field gradients up to 10 T/m along two orthogonz
that of the methylene chains present in mobile lipids. In thfirections, and 2.5 T/m along the thir@g. These large
Communication, it is shown that high resolution proton spectgadients made it possible to measure small diffusion coeff
can be obtained in a relatively short time on regions in sph@€nts, up to 100 times smaller than that of bulk water; se
roids with a diameter as small as 0.55 mm, and that besides #§&0W- The NMR coil consisted of a five-turn horizontal sole-
lipid resonance, resonances arising from other metabolites BRid with both an inner diameter and a length of 1.7 mm, whic
observed. is an order of magnitude more sensitive than the larger 5-m

In the current study V79 lung tumor spheroids have pedielmholtz coil used in Ref.21). This enhanced sensitivity

made it possible to detect low metabolite concentrations n

*To whom correspondence should be addressed. previously observed.
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FIG. 1. Histologic section of a V79 lung tumor spheroid with a diameter-&50 um prior to the histology procedure. The actual diameter of the sectio
shown in the figure is 47@m.

In order to estimate the statistical variation of reported dataents can be observed. Figure 2A shows the proton 3D ima
all experiments were repeated on five different spheroids haf-a spheroid with a diameter 6$650 um. The same micro-
ing diameters between 550 and 6mtn. All measurements regions as those in the histologic section are observed, but w
were performed at ambient temperature, 20.0.1°C. At this a considerably better contrast between the viable rim and i
temperature, no noticeable changes in MR images and/or aeerotic center. In fact, the center consists of a dark inner pa
quired spectra were observed for at least 12 h. Magnetiade up mainly of water and cell debris, and a bright inter
resonance images were acquired using a standard two- ametliate region between the inner part and the rim, containir
three-dimensional spin-echo sequence and localized spectrosstly still intact cells. These two central regions were ob
copy was performed using PRESE3). In the latter case, slice served in all V79 spheroids as well in EMT-6 spheroids studie
selection was performed with sinc RF pulses. Accurate plad®¢ other investigatorssj.
ment of selected ROIs for localized spectroscopy was con-The basis for the observed image contrast was investigat
firmed through incorporation of phase and frequency encodibyg measuringT,, T,, and the diffusion coefficienD of the
gradients directly in the PRESS sequence, providing a tweater in PRESS-selected volumes of 1 nl in the spheroid’s rin
dimensional image of the selected ROI. LocaliZgdand T, its intermediate zone, and its center, and in the agarose ¢
measurements were performed with Inversion Recovery aAtso, the water concentrations were determined by comparir
CPMG magnetization preparation periods in PRESS expeitie intensities (corrected fdr, T,, and diffusion losses) in the
ments, and localized diffusion measurements were performditferent microregions, and using the known concentration c
with additional, motion-probing gradient pulses. Further eX5.6M of the water in the gel (in order to eliminate the effects
perimental details are given in the figure captions. of possible RF inhomogeneities, the measurements on the ¢

Figure 1 shows a histologic section of a V79 spheroid witlvere performed after shifting the sample tube so that the R(
a diameter of~550 um, obtained by fixing the spheroid inof the gel water was in the same location in the NMR coil a
formalin, embedding it in paraffin, cutting it into mm-thick that of the spheroid earlier). The results are given in Table :
sections, and staining it with hematoxylin and eos4) ((the In general the values found in the current study are comparak
actual spheroid diameter shown in Fig. 1 is decreased to 460those observed in spheroids derived from other cell line
um, which is the result of the histology procedure). An outd6-9. It was found that the spin—lattice and the spin—spil
rim containing viable cells with enlarged nuclei (a typicatelaxation were monoexponential within experimental uncel
property of malignant cells), and a necrotic center containinginty. In contrast, multi-exponential attenuation in pulsed
pyknotic cells (i.e., cells containing shrunken nuclei and ifield-gradient (PFG) diffusion experiments was observed, su
more or less advanced stages of degeneration) and cell frggsting the presence of three distinct water compartments
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FIG. 2. H 3D MR image and metabolite spectra of V79 lung tumor spheroids with a diamete um. (A) 3D image of the entire spheroid. The image
was obtained after filtered reconstruction of the raw data within x 8428 X 128 matrix; the spatial resolution is 1a8n in all directions. Raw data required
13.6 h to acquire using a standard 3D spin-echo sequence that employed four averages, a repetition time (TR) of 1.5 s, and an echo time (TE) of 2
Average water-suppresséd spectrum of the spheroid rim. The selected rim volume is about 10 nkTIRs, TE= 10 ms, NEX= 3.6 X 10°. An exponential
line broadening of 20 Hz is applied. (C) Average water-suppre¥degpectrum of the spheroid center. The selected center volume is about 3 NE=NEX8 X
10% all other parameters are the same as those in (B).

each having significantly different mobility (slow, mediummore research is needed to confirm this conclusion. It can |
and fast). Following Neemaat al. (8), we ascribe the com- noted that in contrast to our results, in Re8) @ single
partments having medium and fast diffusion coefficients to tl#ffusion coefficient in the center is reported. This difference i
intra- and extracellular water, respectively. The third companrobably due to the increased state of decomposition of t
ment, containing water which is 100 times less mobile tharlls in the large necrotic center in the spheroid studied in Re
bulk water, and which is the largest in the intermediate zon@®), whereas the much smaller center in our spheroids st
was observed after the magnetization from intra- and extracebntains many intact cells; see Fig. 1. It can be concluded fro
lular water had been completely destroyed. This slow diffusidghe results given in Table 1 that the contrast in the image shov
suggests the presence of water in very small voids suchiad=ig. 2A between the spheroid and the surrounding agaro
intra-nuclear compartments, and the fact that its fraction is thel is mainly due to diffusive differences, and thgtdiffer-
largest in the intermediate zone may be due to the presencentes are mainly responsible for the contrast between the r
increased amounts of pyknotic nuclei in this region. Howeveand the necrotic center.
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TABLE 1

Average Regional Water Properties Measured at 20.7°C

371

Rim Intermediate zone Center Gel
T, (s) 1.5+ 0.1 2.1+ 0.1 2.1+ 0.1 3.15+ 0.03
T, (ms) 39+ 6 91+ 7 75+ 10 121+ 2
Do X 10° (m?s) 1.980+ 0.020
D, X 10° (m?s) 0.015+ 0.010 0.018+ 0.007 0.021+ 0.006
fo 0.034+ 0.021 0.103+ 0.017 0.086+ 0.013
D, X 10° (m2/s) 0.274+ 0.045 0.252+ 0.043 0.319+ 0.055
fn 0.454+ 0.105 0.370+ 0.078 0.301+ 0.089
D; X 10° (m?s) 0.760+ 0.030 0.890* 0.135 0.999+ 0.050
f; 0.537+ 0.073 0.544+ 0.058 0.638+ 0.075
C, (M) 305+ 3.5 38.3+ 3.7 37.1+ 3.0 55.6

Note. Oy denotes the bulk diffusion coefficient for water in the 1% agaroselyeD,,,, andD; represent the diffusion coefficients for the slow, medium, and fas
water compartments present in the spheroids. Similarly, the volume fractions for the respective compartments are dgrigtexhbf;. Total region-specific molar
concentrations for water are denoted@yAll reported values are denoted by the mean and standard deviations resulting from a statistical averages of values o
from five different spheroids of similar size.

Again these results are in agreement with the findings groups in glutamate, glutamine, and mobile lipids. The
Refs. 6—-9. Finally, it follows from Table 1 that the total waterintensities at 1.3 and 0.9 ppm originate from methylen
concentrations (intra-t+ inter-cellular) in the rim and the chains, respectively methyl end groups in triglycerides an
central regions are considerably less than the concentratiorotiier mobile lipids (we note that the line at 1.3 ppm coulc
bulk water, resulting from the fact that a significant fraction odlso be due to the methyl protons of lactate, but then
cell volume is occupied by relatively large cellular structuresethylene line with a similar intensity would be present a
such as the nuclei and the membranes. 4.1 ppm, which is not observed).

The heterogeneity characteristic of regional water prop- Quantification of regional metabolite concentrations wa
erties is accompanied by comparable heterogeneity in gierformed using an approach much like that previousl
served metabolite spectra. This is illustrated in Figs. 2B an@scribed for quantifying regional water concentrations. Th
2C, where the (water-suppressed) metabolite spectra pdmary difference is that metabolite relaxation times an
quired from the viable rim and the center are given. Botmolecular diffusion coefficients were not measured in eac
spectra are the average result of identical measuremewnddume of interest chosen. Instead, measurements of the
performed on five different spheroids. It follows that spectddMR parameters were performed using a volume larg
with a very acceptable signal-to-noise ratio can be acquiredough to encompass the entire spheroid. This ensured tl
in a relatively short time, and that a good spectral resoluti@il relaxation and diffusion data could be measured in a
is obtained which is similar to that observed in regulaacceptable time. In addition, spectral deconvolution soff
tissues and in suspended cells3( 14, 19. The spectral ware on the Varian console was employed for quantifying
lines from the viable rim are slightly broader than those @l peak integrals (the same software was used to analyze t
the center, which is likely due to additional suceptibilityvater data). As seen from the proton spectra shown, deco
broadenings occurring in this regioR5). Several resonancevolution was essential, particularly for quantitation of the
lines can be distinguished. Elaborate spectral assignmepistially overlapping lines of Cho and Cr/PCr.
are given elsewhereld, 19, 26, 2¥; here we shall confine The averageTl,, T,, D, and concentration values of the
ourselves to a brief summary of the main features. The limeetabolite lines occurring at 3.2, 3.0, 1.3, and 0.9 ppm at
at 3.8 ppm is due to protons in alkyl groups bound to oxygesummarized in Table 2. In general, &llrelaxation times were
or nitrogen and present in a variety of amino acids and othanorter than those measured for water, which allowed rel
metabolites. The intensity at 3.2 ppm is a superposition tifely short repetition times in the experiments. Also, becaus
resonances originating from the methyl groups of variowdl metabolites displayed relatively lonf, relaxation times,
trimethylamine bearing metabolites such as free cholingpavoidableT, losses in PRESS experiments were kept to
phosphorylcholine, and glycerophosphorylcholine, preseminimum, thereby allowing the twofold signal-to-noise advan
in, e.g., phospholipid precursors and degradation produdiage over stimulated-echo techniques to be fully realized. Di
This line is usually called the total choline (Cho) line. Théusion-induced signal losses for both Cho and Cr/PCr typicall
line at 3.0 ppm mainly arises from the methyl groups in thappeared biexponential and reported diffusion coefficients cc
energy metabolites creatine and phosphocreatine (Cr/P@espond with the fastest components. In both cases, these w
and the resonances at 2.3 and 2.1 ppm are due to methylsinglar to recent values measuridvivo in the brain 28, 29.
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TABLE 2
Average T,, T,, D, and Concentration (C) Values of Spheroid Metabolites

Cho Cr/PCr Lipid CH N(CH,)/N(CHs)
T, (s) 0.66= 0.05 0.45+ 0.06 0.87+ 0.07
T, (ms) 151+ 35 192+ 40 77+ 21
D X 10° (m?¥s) 0.11= 0.01 0.07+ 0.02 0.0030+ 0.0017
Cyim (MM) 95+ 37 14755 9.7+ 5.6 3.0=20
Ceonter (MM) 0.94= 0.70 2.3+ 17 12.7+ 5.1 8.0+ 3.9

Note.TheT,, T,, andD values were obtained using the spectra of the entire spheroid; the concentrations were determined separately on the rim and th
As described in the text, N(CHN(CHj) represents the average ratio of —(§4+ groups and methyl groups in observed lipids. All reported values are denot
by the mean and standard deviations resulting from a statistical average of values obtained from five different spheroids of similar size.

Likewise, measured diffusion coefficients for the methylern as these compounds are not homogeneously distribut
groups corresponded closely with recent findings obtained ttmoughout the rim or the center. For instance, taking th
cell suspensions3Q). It was found that molecular diffusion choline metabolite to be present in the intra-cellular water only
was so slow for all metabolites that diffusion-induced sign#ifollows from the total water molarity in the rim, 30M, and
losses were negligible. Together, these factors made it possihie fraction of intra-cellular water in the rim, 0.454 (see Table
to acquire localized metabolite spectra with reasonable signa); that its molarity becomes a factor of 4 larger than the valu
to-noise ratios from 10-nl volumes in just 1 h. While suclgiven in Table 2, i.e., becomes given 5338 mM. A similar
volumes could be chosen in the rim by taking advantage of teehancement is obtained for the Cr/PCr concentration. Tt
spheroid’s spherical symmetry, smaller volumes between 3 amctual lipid molarity is more difficult to calculate. According to
5 nl were generally necessary in the center to avoid contribRefs. (4-16 these lipids are associated with the plasm:
tions from the rim. As a consequence, spectra of the centeembranes, and it is uncertain how much volume the lipid
routinely required 3 h. actually occupy.

The metabolite concentrations were obtained again byln conclusion, microscopically localized proton spectros
comparing the integrated intensities of the various resoepy provides a powerful basis for understanding the he
nance lines with that of water in a ROI outside the spheroidrogeneity characteristic of three-dimensional spheroi
The concentrations were determined by assuming that tim@rphology.*H metabolite spectra of a single spheroid anc
various compounds are homogeneously distributed withim volumes within a spheroid as small as 3 nl can b
the rim and the center, and are corrected Tor T,, and obtained in a relatively short measuring time, a few hours c
diffusive losses. Moreover, for the determination of the lipitess, even without utilizing special time-saving technique
concentration it has been assumed that on average a ligaleloped in the literature8g). As these measurements can
contains two methyl groups (an average between triacylge performed on intact untreated spheroitid, MRS can
lycerides, phospholipids, and free fatty acids). As theontribute to an improved understanding of the biologica
amount of methylene groups per lipid is unknown, thprocesses governing the evolution of these model tum
average amount of —(Ch},— groups, giving rise to the peaksystems. Several improvements of the experiments report
at 1.3 ppm, per lipid chain is given instead. The followingn this Communication are possible. For instance, by inser
observations can be made: (i) The Cho and Cr/PCr conceng the spheroid into a perfusion system during the MF
trations are the largest in the viable rim, indicative of thexperiments§, 21, 33, it should be possible to follow the
proliferating properties of at least part of the cells in thispheroid growth or the effects of therapy in real time
area; (ii) the mobile lipid concentration is the largest in thEurthermore, by improving the volume selection techniqu
necrotic center, presumably as a result of cellular decomore detailed information about the distribution of the var
position in this region. The latter result is in agreement witltous cellular compounds within the spheroid can be ob
that obtained by Kuesadt al. (19) and Schiffenbaueet al. tained. For instance, by selecting three-dimensional shel
(21), and also explains why in the latter reference Cho amdther than rectangular volumes it can be investigate
Cr/PCr are not observed: the spheroids employed by thegkether MRS can also be used to identify hypoxic areas ar
authors contained such large necrotic centers that the limither layers of cells within the spheroid,(5), and to map
signal dominates that of the other biochemicals (this obsehe distribution of the various compounds within a spheroi
vation was confirmed by us by performiftgl MRS in V79 in more detail. Finally, it is feasible that, alstP MRS can
spheroids of different sizes). be applied to single spheroids to study the distribution of

It should be noted that in reality the concentrations of theg., the energy metabolites. Currently all these improve
various cellular compounds are larger than those given in Talohents are under development in our laboratory.
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