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ABSTRACT

Paramagnetic metalloporphyrins were examined for their In vivo bio-
distribution and their ability to enhance nuclear magnetic resonance
imaging of human tumor xenografts in nude mice. The metalloporphyrins
tested were: manganese tetrasodium-meso-tetra(4-sulfonatophenyl)-
porphine (MnTPPS); manganese meso-tetra-4-pyridylporphine; and gad
olinium meso-tetra-4-pyridylporphine. All exhibited high molar relaxiv-
ities in aqueous solution. In vivo, at a dose of 2 mg/mouse, MnTPPS
depressed the longitudinal relaxation time, li, significantly in the kidney
and less in lung and blood. Manganese meso-tetra-4-pyridylporphine
depressed I, in the kidney, lung and liver, while gadolinium meso-tetra-
4-pyridylporphine caused large 11 depressions in the blood, liver, brain
and tumor, probably due to dissociation of the metalloporphyrin and
binding of Gd to plasma or tissue proteins. At a dose of 10 mg/mouse,
MnTPPS caused marked I, depressions of all tissues tested within 5
min of inoculation, but 48-72 h later, I, values of normal tissues had
returned to near normal, while those of the tumors remained significantly
depressed. MnTPPS was able to significantly enhance the intensity of
nuclear magnetic resonance images of MX-1 and ZR-75 human breast
tumors and CX-1 and LS174T human colon tumor xenografts in nude
mice. The results demonstrate that paramagnetic metalloporphyrins,
because of their high relaxivities and retention in tumors, have the
potential for use as tumor-selective contrast agents for nuclear magnetic
resonance imaging.

INTRODUCTION

NMR1 imaging has brought a major new dimension to diag

nostic radiology. NMR images reveal soft tissue structures with
unprecedented clarity and with great sensitivity to certain types
of pathology, including many tumors (1-3). Image-derived
NMR tissue parameters, which are based on physicochemical
properties, also offer the possibility of noninvasively measuring
relevant physiological characteristics, including water distribu
tion (4), pH and oxygÃ©nation(5), and may prove applicable to
such clinically significant areas as monitoring the early effects
of therapy on tumors (6).

Despite this sensitivity, however, NMR imaging suffers from
a relative lack of specificity. The relaxation parameters that
form the basis of NMR signals, and thus the basis for tissue
discrimination on NMR images, Ti and T2, do not have values
specific for particular cell or tissue types, normal or abnormal;
there is, for example, often considerable overlap in TI and T2
values between malignant tumors and their surrounding normal
tissue, or between malignant and benign tumors, or between
tumors and other pathologies (7).
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Thus, a number of laboratories are engaged in studies that
attempt to add specificity to the sensitivity of NMR imaging.
One major approach has been the development of methods to
specifically deliver paramagnetic metal ions, which shorten
relaxation times of surrounding protons through dipolar inter
actions between the proton spins and the electron spins of the
paramagnetic ion (8), to an area or lesion of interest, and
thereby to cause a visible change in the intensity of the lesion
on the NMR image. Specificity would be achieved as a function
of the means used to deposit or retain the paramagnetic ion in
a designated tissue type. Studies based on this approach have
ranged from use of simple metal chelates (9, 10) which localize
in particular lesions because of differences with surrounding
tissues or other pathologies in capillary permeability, extracel
lular water concentration, or other properties, to the proposed
use of monoclonal antibodies conjugated with paramagnetic
metals which might localize in tissues based on very specific
reactions with antigens of limited representation (11-14). Metal
chelates such as gadolinium-DTPA are nearing routine clinical
use as NMR imaging contrast agents (15-16), while use of
monoclonal antibodies awaits resolution of major problems in
specific activity and organ distribution (13, 17).

Porphyrins, particularly of the class known as hematopor-
phyrin derivative, have for some time been under study as
therapeutic agents because of their propensity to localize at
high concentrations in malignant tumors and sensitize the
tumors to photoirradiation (18, 19). Porphyrins are also highly
effective chelating agents for a variety of metals, including
paramagnetics, are relatively nontoxic, and are available as a
multitude of chemical derivatives. On the basis of these prop
erties, Chen et al. (20) first suggested the potential for use of
paramagnetic metalloporphyrins as selective contrast agents in
NMR imaging. Recent studies have provided evidence for the
suitability of this application (21-23).

The present study was undertaken to test further the appli
cability of metal-containing porphyrins as selective tumor con
trast agents in NMR imaging. Using a clinical NMR imaging
unit, we have evaluated the relaxation properties of model
paramagnetic metalloporphyrins, their kinetics and distribution
in nude mice bearing several different human tumors, and their
ability specifically to enhance tumor images. These early results,
and those of others (21-23), suggest that metalloporphyrins
can be useful agents for adding tumor specificity to NMR
imaging.

MATERIALS AND METHODS

Chemicals. The metalloporphyrins used in this study were MnTPPS,
MnTMPyP, and GdTMPyP. All were obtained from Porphyrin Prod
ucts, Inc. (Logan, UT) and used without further purification. The
porphyrins were added to phosphate-buffered saline at the concentra
tions indicated and shaken at room temperature for up to several hours
to achieve dissolution. The pH was then adjusted to 7.0 with NaOH
and the solution was filtered (0.22-^m filter; Gelman, Ann Arbor, MI).
The final concentrations of metalloporphyrins in the solutions were
determined by Ti times (see below) and optical density at 467 nm,
compared with standard curves and reported extinction coefficients
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(21). The solutions were adjusted with phosphate-buffered saline to the

desired concentration and used immediately.
GdDTPA was prepared (9) by mixing GdjOj (Johnson Mattley, Inc.,

Seabrook, NH) with a slight molar excess of DTPA (Aldrich Chemical
Co., Milwaukee, WI) in distilled water, and incubating in a sealed tube
at 90Â°Cfor 48 h. A 10 mM solution of GdDTPA was mixed with an

equal volume of 20 mM TV-methylglucamine, pH 7.2, Filtered, and
calibrated by TI depression.

All chemicals and reagents used were of the highest grade commer
cially available.

Tumors. BALB/c athymic nu/nu mice (6-8 weeks old; Life Sciences,
St. Petersburgh. FL) were implanted s.c. in the flank with either IO7
ZR-75 human mammary carcinoma cells (obtained from Dr. P. Bunn,
University of Colorado Health Sciences Center, Denver, CO), IO6

LS174T human colon carcinoma cells (American Type Culture Collec
tion, Rockville, MD), an 8-mm3 fragment of MX-1 human mammary
tumor line (National Cancer Institute, Bethesda, MD), or an 8-mm3

fragment of CX-1 human colon tumor line (National Cancer Institute).
The human cell and tumor lines were tested and shown to be free of
adventitious murine viruses. Control and inoculated animals were main
tained in sterilized cages with filter tops and provided with sterilized
food and water ad libitum. Athymic mice maintained in our facility
under these conditions have a life span of >1 year.

Tumors were usually used when they reached 0.5-2.0 cm in the
largest diameter (see "Results"). Animals were given injections of the

contrast agents through the lateral tail vein.
In Vitro NMR Studies. TI relaxation times of metalloporphyrins,

other solutions, and tissue samples were determined in a Praxis II 'H-

NMR Spin Analyzer (Radx Corp., Houston, TX) operating at 10.7
MHz (0.25 T). TiS were measured by using an inversion recovery
sequence (180Â°-fau-90Â°).The solutions were loaded into 1-mm i.d. or
5-mm i.d. glass NMR tubes. The tubes were preincubated at 37"C for

10 min in a heater block prior to insertion into the magnet chamber,
which was also maintained at 37Â°C.T, values were determined from

the average of 3 sets of 8 repetitions for each sample. The instrument
was calibrated by using commercial T, standards (Radx Corp.) and
gravimetric standards of GdClj and CuSO< prepared in our laboratory.
Instrument stability and TI values of samples were verified by remea-
suring the standards at the conclusion of each series of determinations.
Intraexperiment and interexperiment variation in 1, values were usually
less than 6%. T, readings of the standards were usually within 2% of
published values for this field strength.

Tissues were quickly removed from animals sacrificed by cervical
dislocation, blotted to remove blood and fluid, weighed, finely minced,
and loaded into disposable 1-mm i.d. precision bore borosilicate glass
pipets (Clay Adams, Parsippany, NJ). (Although not "NMR grade,"

such tubes gave highly reproducible T, and T2 values for all standards
tested and for tissue samples, could withstand the centrifugal forces
used to pack the samples, and were sufficiently economical that they
could be used once and discarded.) The tubes containing the tissue
fragments were sealed with Critoseal (Sherwood Medical Industries,
St. Louis, MO), and were centrifuged at 1500 rpm for 10 min to remove
air spaces and to produce a relatively homogeneous column for analysis.
Prior experiments had shown that centrifuged samples gave the same
TI values as samples manually fitted into the glass tubes, and that the
duration and speed of centrifugation used gave reproducible I, values
with no significant change on further centrifugation. Prior to equilibra
tion at 37Â°C,all samples were manipulated at room temperature. In

each experiment, the time from sacrifice of the animals and removal of
tissues to TI measurement was kept constant. Studies with control
tissues showed that I', values were unchanged for at least l h after

tissues were packed into the NMR tubes.
All in vitro TI values were standardized to 5-mm tube size by using

the least squares determined relationship between T, values of standards
measured in 1- and 5-mm glass tubes.

In Vivo NMR Imaging. Magnetic resonance imaging was carried out
on a Teslacon clinical whole body imager (GE-Technicare Corp., Salem,
OH) operating at 6.25 MHz (0.15 T). For imaging mice, a 13-cm
diameter circular surface coil (Technicare Corp.) or a 20-cm diameter
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Fig. 1. Molar relaxation rates of manganese compounds. A, MnTPPS; O,
MnCl2; â€¢,MnDTPA. Points, average of 3 determinations; bars, SD. Slopes and
intercepts of the lines were calculated by the least squares method.

Table 1 Molar relaxivities of paramagnetic compounds
Relaxation rate"

GdClj
GdDTPA-bovine serum albumin (5.6 Gd/mol)
MnTMPyP
MnTPPS
Mudi
MnDTPA
GdTMPyP
GdDTPA
Fe*3 citrate

CuSO,
FeSO4
CuDTPA
NiCI2
CoClj

14.67
12.63*

11.53
10.39
9.32
6.93
5.19'

5.05
1.26
0.94
0.30
0.28
0.06
0.02

Â°1/T, (niM-s)-' in water at 10.7 MHz, 37'C.
'' Per mol gadolinium.
r Dissolved initially in 37% dimethyl sulfoxide/H2O (T, = 1563 ms), then

diluted with I I.-O.

circular surface coil (developed at the AMC Cancer Research Center)4

were used as radiofrequency receivers, with the clinical imaging body
coil (100 cm, Technicare Corp.) used as transmitter. Animals were
anesthetized with Avertin (44 mM tribromoethanol-70 mM tert-amy\
alcohol in water) and taped prone onto a paper towel placed directly
on the surface of the coil. Imaging parameters are given in the figure
legends. T! relaxation times were obtained from in vivo imaging exper
iments using the "OTi" (observed Ti) package provided by the manu

facturer, in which TI is calculated for each pixel from the ratio of a
spin echo and inversion recovery double buffer image acquisition (Tech
nicare Corp.). Regions of interest used to determine TI values of tumor
or brain were always >20 pixels on an imaging matrix of 256 x 256
pixels (each pixel being 1 mm x 1 mm). Each I determination was an
average of at least 3 distinct regions of interest. Intraexperiment and
interexperiment variation in Ti values were usually within 8%. Solu
tions of CuSO4 of known T, values (24) were always included in each
image; T, readings of the standards with values in the range of those of
tissue (200-600 ms) were generally within 15% of published values for
this Field strength.

RESULTS

Relaxation Properties of Metalloporphyrins. The molar relax-
ivity of various metalloporphyrins, free paramagnetic ions, and
nonporphyrin chelates were compared at 10.7 MHz. The results
for manganese compounds in one experiment are shown in Fig.
1 and summary relaxivities for manganese (average of 3 exper
iments) and other paramagnetic metals are given in Table 1.

As previously reported, the DTPA chelates exhibited lower

4 Unpublished data.
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relaxivities than the free metals (9, 25). For manganese ion,
Mn2+-DTPA and Mn2+ were compared with Mn3+-TPPS be
cause Mn3+ is unstable in solution unless complexed. MnTPPS

exhibited higher relaxivity than the free metal ion or the DTPA
chelate. This effect has been noted previously (26) and attrib
uted to the anisotropy of the manganese wave function in the
porphyrin complex, bringing the Mn3* spin density closer to

the protons of coordinated water molecules. The relaxivity value
for MnTPPS was the same as that previously reported for this
Held strength (23).

The GdDTPA and GdTMPyP chelates exhibited lower molar
relaxivities than the free metal ion. This is in accord with
previous Findings and is due to the loss of available proton
coordination sites due to chelation. However, when the Gd
DTPA chelate was bound to protein, bovine serum albumin in
this case, relaxivity on a molar gadolinium basis increased. This
is probably due to a slowing of molecular tumbling and an
increase in the correlation time of gadolinium bound to the
larger protein molecule (11, 27).

Other paramagnetic metals tested exhibited considerably
lower relaxivities than gadolinium or manganese.

In Vivo Distribution of Metalloporphyrins. The biodistribu-
tion of the metalloporphyrins was examined in vivo in BALB/
c nude mice bearing xenografts of the human breast carcinoma
line, MX-1, by measurement of TI depression in excised organs.
Because of their high relaxivities, porphyrins complexed with
manganese and gadolinium were used. A dose of 2 mg/mouse
(approximately 80-100 mg/kg or 0.06-0.15 mmol/kg), injected
i.v. and a time of 36 h postinoculation were chosen for initial
evaluation. The distribution of the metalloporphyrins was com
pared with that of the NMR metal chelate contrast agent,
GdDTPA. The results are shown in Fig. 2.

At 36 h postinoculation, MnTPPS at this dose depressed
longitudinal relaxation time, I,. significantly in the kidney,
somewhat in the lungs, and slightly in the blood. MnTMPyP
similarly depressed I, values in kidney and in lung, and signif
icantly reduced TI in the liver as well. MnTMPyP also de
pressed TI slightly in the brain, but not in the blood at this time
postinoculation. GdTMPyP markedly decreased TI values of
the blood, liver, brain, and tumor. GdDTPA significantly re
duced T, values of the tumor and caused some reduction in T,
values of the lung, brain and kidney, but had no effect on the
liver. The finding of substantial reduction in blood TÂ¡by

150 T

GdTMPyP at 36 h probably reflects dissociation of the chelate,
due to a relatively low A'a, and binding of the metal to blood
elements; GdDTPA, in contrast, with a Kf = IO22,dissociates

little and is rapidly cleared from the circulation. It has been
reported that the Kf of MnTPPS is too high to be accurately
measured (28), and this metalloporphyrin is thus unlikely to
dissociate in vivo.

Because of its high relaxivity, stability, ease of dissolution,
low toxicity (data not shown), and lack of significant retention
in liver and blood, MnTPPS was chosen for further evaluation
in this study.

Concentration Dependence of Metalloporphyrin Distribution.
The effects of varying concentrations of the metalloporphyrin
on its in vivo distribution were tested in MX-1 tumor-bearing
BALB/c nude mice at 24 h postinoculation (Fig. 3). Increasing
concentrations of MnTPPS caused progressive decreases in TI
relaxation times in the MX-1 tumor and in all other organs
tested, except for brain, where no TI change was observed even
at the 10-mg dose (0.33 mmol/kg).

Time Course of Metalloporphyrin Uptake. Changes in tissue
distribution of MnTPPS with time were examined by using a
10-mg dose of the metalloporphyrin. The results are shown in
Fig. 4.

Within 5 min of inoculation, the mualloporphyrin caused
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Fig. 3. Concentration dependence of MnTPPS distribution, a, saline; b, 1 mg
MnTPPS; c, 3 mg MnTPPS; d, 10 mg MnTPPS. BALB/c nude mice bearing
MX-1 xenografts were inoculated with the indicated concentration of MnTPPS.
and tissue T, values were determined 24 h later. Other parameters are as described
under Fig. 2.
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Fig. 2. Biodistribution of metalloporphyrins and metal chelates. a, saline b,
MnTPPS; c. MnTMPyP; d, GdTMPyP; e, GdDTPA. BALB/c nude mice bear ng
MX-1 xenografts were inoculated with 2 mg of the indicated compound. Tissues
were excised 36 h later and I, values were measured. Columns, means of 3
determinations; bars, SE. Asterisks indicate values significantly different from
saline control: *. P Â«0.05; Â»*,P < 0.01; "* P f, 0.01 (Student's t test).

150

100

50

'ni

a b c d

Brain

abed ab abed abed

Liver TumorKidney Spleen

Fig. 4. Time course of MnTPPS uptake, a, saline (0 time); b, 5 min; c, 48 h;
</, 72 h. BALB/c nude mice bearing MX-1 tumors were inoculated with 10 mg
MnTPPS, and tissue I, values were determined at the times indicated. Other
parameters are as described under Fig. 2.
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marked 11 depressions in all tissues examined, including brain
and tumor. By 24 h, the TI of the brain had returned to
preinoculation values (see, for example, data in Fig. 3); the
other tissues retained lower, but still significant levels of
MnTPPS (i.e., had reduced TI relaxation times). At 48 h
postinoculation, the TI values of the normal tissues had re
turned to within about 80% of control values, but the tumor in
the metalloporphyrin-inoculated mouse still had a TI 34% lower
than the tumor in the saline inoculated control (P =S0.01). At
72 h, the TI values of the normal tissues increased further,
while the T, of the tumor remained depressed by 37% (327 ms;
P Â«s0.02). This finding is in accord with observations made for
hematoporphyrins, which initially distribute in many tissues,
followed by steady loss from normal tissues with time but
retention within the tumor (19, 29).

Metalloporphyrin Enhancement of in Vivo Tumor Imaging.
The ability of metalloporphyrins to enhance in vivo NMR
imaging of tumors was tested with xenografts of MX-1 tumors
in BALB/c nude mice. Images were made on the Technicare
Clinical (Teslacon) system operating at 6.255 MHz (0.15 T),
using surface coils to increase resolution.

Tumors in animals receiving 10 mg MnTPPS showed signif
icant enhancement of image intensity on Ti-weighted scans
made at 48 h postinoculation (Fig. 5). Intensity is increased
with decreased TI relaxation times on Ti-weighted images
because of the short NMR radiofrequency pulse repetition times
in these sequences. In addition to the tumor, enhancement was
usually seen at the site of MnTPPS inoculation (tail vein) and,
at early times after metalloporphyrin injection, kidneys, blad
der, and sometimes skin and spleen. Nevertheless, a clear
preferential enhancement of tumor intensity was always appre
ciated at 24 h or more after metalloporphyrin injection.

TI relaxation times, measured directly from the images using
the manufacturer's observed TI program are shown in Table 2.

The brain (head) of the animal was used for comparison with

Table 2 In vivo T, relaxation times in MX-1 tumor-bearing nude mice following
inoculation with MnTPPS

Fig. 5. NMR image of BALB/c nude mice bearing MX-1 tumor, inoculated
48 h previously with saline (top animal) or 10 mg MnTPPS (bottom animal).
Tubes containing T, standards are shown (CuSO4 solutions, left to right: 0.5 mM,
832 ms; 0.75 mM, 600 ms; 1.0 mM, 461 ms; 2.0 mM, 274 ms; 5.0 mM, 129 ms).
Spin echo image was made at 6.255 MHz, NMR radiofrequency pulse echo time
28 ms; NMR radiofrequency pulse repetition time, 180 ms; 0.75-cm slice thick
ness.

24hBrainTumor48

hBrainTumorSaline411

+16Â°497

Â±51401

Â±34492
Â±51MnTPPS380

+26*396
Â±45*394

Â±2241
5 Â±48*Â»Tireduction7.520.31.715.7

' T, (ms) Â±SD.
* Significantly different from saline control, P < 0.001; Student's t test.

Table 3 Comparison of in vivo and in vitro T, relaxation times in MnTPPS-
treated and control mice

MnTPPS

Saline 2mg 10 mg

InvivoBrainTumorIn

vitroBrainTumorLiverSpleenKidney355

Â±36"442

Â±43653

Â±75744
Â±71340
Â±31400
Â±6413

Â±21332

Â±35(6)406
Â±38(8)588

Â±34(10)622
Â±28(16)375
Â±10(-10)461
Â±11(-15)'403

Â±26 (2)324

Â±53(9)278
Â±38(37)562

Â±21(14)291
Â±10(61)'235
Â±14(31)*324
Â±12(19)*186Â±7(55)c

* TI (ms) Â±SD. Numbers in parentheses are percentage T, depression com

pared with saline control. Animals were inoculated with saline or the indicated
concentration of MnTPPS and imaged (6.255 MHz) 24 h later. Following NMR
imaging, the animals were sacrificed and T, values were determined in vitro (10.7
MHz) on excised tissues.

* Significan l]>different from saline control, P < 0.01; Student's t test.
'/>< 0.001.

tumor on the images, because of the ease of reproducible
positioning and identification, relative lack of retention of
MnTPPS in the brain (see above), and greater freedom from
artifacts or volume averaging. At both 24 and 48 h post-
MnTPPS inoculation, substantial Ti reduction was observed in
the tumor of the metalloporphyrin-inoculated control, with
little effect on the brain.

In this and other experiments, the changes in T, values
measured in vivo by using the clinical imager correlated with
those of in vitro measurements on excised tissues. An example
is shown in Table 3 for an independent experiment on time and
concentration dependence of MnTPPS-induced TI depressions.
(Note that absolute T, values measured in vivo and in vitro
differ due to differences in field strength of the instruments.)

Tumor Specificity of MnTPPS-induced TI Depression. To
determine whether the changes in TI relaxation times and
enhancement of MX-1 tumor imaging by metalloporphyrins
are applicable to other tumor histotypes, experiments similar
to those above were carried out by using nude mice bearing
xenografts of the human colon carcinoma line, LS174T.

In vitro, significant metalloporphyrin retention was observed
(Ti depression) in the kidney and tumor (data not shown). In
vivo, enhancement of NMR imaging of LS174T tumors was
observed (Fig. 6), with TI depressions confirmed by calculation
from the images (Table 4). As seen with MX-1 tumors, soon
after injection of MnTPPS, TI values of both the brain and
LS174T tumors were depressed; with increasing time after
MnTPPS, Ti of the brain returned to within 15% of the value
in saline control mice, while TI of the tumor remained more
than 45% lower than the saline control.

Similar results were obtained by using xenografts of the ZR-
75 human mammary carcinoma, and CX-1, human colon car
cinoma, lines (data not shown).

The experiments described above were usually carried out
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Table 4 In vivo T, depression in LSI 74T tumors by MnTPPS

Fig. 6. NMR image of BALB/c nude mice bearing IS 174T tumors, inoculated
48 h previously with saline (center) or 10 mg MnTPPS (top and bottom animals).
A, spin echo image, NMR radiofrequency pulse echo time, 30 ms, NMR radio-
frequency pulse repetition time, 500 ms; B, inversion recovery image, NMR
radiofrequency pulse echo time, 30 ms, NMR radiofrequency pulse repetition
time, 1000 ms, and NMR radiofrequency pulse inversion time, 300 ms. Other
imaging parameters are as under Fig. 5. except that the I, standards are arranged
from top (highest T,) to bottom (lowest Ti).

with tumors that were relatively large in comparison with the
body weight of the animal (~1 g/25-g mouse), for ease in
handling, analysis, and imaging. Such tumors sometimes have
necrotic cores and markedly altered vascular physiologies. Win-
kelman and Hayes (30) reported that necrotic areas in tumors
accumulate higher concentrations of non-metal-containing
TPPS than viable regions. It was of interest, therefore, to
determine whether MnTPPS depressions could be detected in
smaller tumors. For this purpose, MnTPPS effects were deter
mined in nude mice bearing very large (3-7 g) xenografts

Saline MnTPPS0 reduction

6hBrainTumor24

hBrainTumor57

hBrainTumor382

Â±31*631

Â±80395

Â±16593
Â±56392661273

Â±24C376
Â±30*341

Â±21'358
Â±5d338

Â±64358
Â±21294014401446

Â°Ten mg MnTPPS injected i.v.
* T, (ms) Â±SD; 6- and 24-h values for saline and MnTPPS groups are averages

of 3 mice each, 57-h saline values are from one mouse, and 57-h MnTPPS values
are averages of 2 mice.

' Significantly different from saline control, P< 0.01; Student's t test.

' P < 0.02.

Fig. 7. NMR image of BALB/c nude mice bearing large and small CX-1
tumors. Spin echo image, NMR radiofrequency pulse echo time, 35 ms, NMR
radiofrequency pulse repetition time, 500 ms. Large open arrow, large tumor (5.78
g), saline control; large closed arrow, large tumor (3.75 g), MnTPPS (10 mg);
small open arrow, small tumor (0.34 g), saline control; small closed arrow, small
tumor (0.60 g), MnTPPS (10 mg); center, non-tumor-bearing, saline-inoculated
animal. Other imaging parameters are as under Fig. 5.

compared with animals bearing much smaller sized tumors
(0.05-0.6 g). An example using CX-1 tumors is shown in Fig.
7. Images of both very large tumors and smaller tumors were
enhanced to an equivalent degree by the metalloporphyrin. Ti
measurements of the excised tissues showed similar effects (data
not shown). In some large tumors with obviously necrotic cores,
we have observed substantially greater signal enhancement in
the viable rim of the tumor and clear demarcation of the necrotic
areas (data not shown).

DISCUSSION

The development of agents that add specificity to the re
markable soft tissue discrimination and anatomic detail pro
vided by NMR images is a research area of great interest and
activity. Among the approaches currently under investigation
are use of metal chelates, conjugated monoclonal antibodies,
liposomes containing paramagnetic ions, paramagnetic and
supermagnetic microspheres, and others.
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Metal chelates, particularly GdDTPA, have proven safe and
efficacious as selective NMR contrast agents and are now
nearing routine clinical use. GdDTPA distributes in extracel
lular fluid compartments, accumulating in tissues as a function
of blood flow, available fluid spaces, and capillary permeability
(4, 27, 31). As GdDTPA does not penetrate the intact blood-
brain barrier, this agent has proven very useful in discriminating
and delineating lesions in the central nervous system, based on
effects on the integrity of the barrier (16), much as iodinated
contrast agents are used in X-ray computerized tomographic
imaging. But as with presently available X-ray contrast agents,
GdDTPA does not provide the desired high degree of biological
specificity.

By analogy with the search for more selective, or even specific,
agents for visualization of tumors with conventional radiologi
cal or nuclear medicine imaging, a number of laboratories are
engaged in studies attempting to add biological discriminatory
ability to the contrast agents for NMR imaging. Unlike nuclear
medicine imaging, however, where small quantities of high
specific activity radioisotopes can be visualized, the approaches
to specific enhancement of NMR images must take into account
the need to deposit locally usually toxic paramagnetic ions in
relatively high concentrations (13, 14, 17).

Chen et al. (20) were the first to suggest the use of metallo-
porphyrins as selective contrast agents for NMR imaging of
tumors. Metalloporphyrins offer the great advantages of low
toxicity, high NMR relaxivity, availability and ease of synthesis
of numerous derivatives and, most importantly, high concen
tration retention in tumors relative to many normal tissues.
Recent studies by Patronas et al. (21), Fiel et al. (22), and Lyon
et al. (23), extended these observations and provided initial
positive in vivo results. The studies reported here were under
taken to test further the ability of selected metalloporphyrins
to enhance NMR imaging of tumors in experimental systems.

The molar relaxivities of the metalloporphyrins tested were
in the range useful for NMR image enhancement. Among the
compounds tested, MnTPPS exhibited favorable toxicity, sol
ubility, and stability properties, and was evaluated further for
in vivo biodistribution. Porphyrin chelates of other paramag
netic metals, for example, iron, copper, or cobalt, are not likely
to be useful as NMR contrast agents because of their much
lower molar relaxivities.

Within 5 min after inoculation, MnTPPS was found in
significant quantities in the brain, kidney, spleen, liver, as well
as the tumor, reflecting basically blood distribution. By 48 h,
most of the metalloporphyrin was washed out of the normal
tissues tested, but retained in the tumor. This was manifest in
significant TI depressions in the tumors relative to other tissues
and significant enhancement of the tumor on NMR images.
Similar biodistributions of metalloporphyrins were noted by
Lyon et al. (23) and Fiel et al. (22), although earlier studies by
Carrano et al. (32) suggested that chelation of a metal within a
porphyrin abrogates tumor-localizing activity. Winkelman (33)
and Zanelli and Kaelin (34) showed that non-metal-containing
TPPS accumulated to a greater degree in tumors than in normal
tissues, with some uptake in kidney, liver, spleen, and lungs.

For these studies, we have taken the decreases in TI relaxation
time as a direct indication of the tissue concentration of metal
loporphyrin. As the relaxation rate is directly proportional to
concentration of the paramagnetic, both in aqueous solution
(Fig. 1) and in tissue extracts,4 this assumption is likely to be

valid. However, the molar relaxivity of paramagnetics could be
influenced by tissue characteristics, including water solvent
availability and distribution (4, 31), and binding of the metal

loporphyrin to macromolecules. In any event, as the purpose
of these studies is evaluation of the NMR image-enhancing
properties of metalloporphyrins, the changes in tissue relaxa
tion rates are the more relevant measurements.

These studies have focused on effects of metalloporphyrins
on tissue proton longitudinal relaxation rates, I',. Similar ef

fects were observed on transverse relaxation rates (T2), although
the magnitude of the changes, both in absolute and relative
terms, was smaller.4

The mechanism of selective retention of porphyrins in tumors
is not yet clear. Studies with hematoporphyrin derivative, used
for photodynamic therapy of tumors, suggest increased tumor
uptake with increased porphyrin hydrophobicity and molecular
aggregation (35). Mechanisms of cellular uptake or selective
tumor retention of metalloporphyrins is likewise unknown,
although recently reported studies (36) with MnTPPS suggest
the involvement of differences in transport mechanisms be
tween normal and cancer cells, and not interactions with heme-
binding protein, compartmentalization, or enzymatic modifi
cation.

Under the conditions used here, uptake of metalloporphyrin
into tumors could not be considered specific; significant con
centrations of metalloporphyrin (Ti depression) were found
also in kidney, spleen, and liver. Furthermore, no studies were
carried out on uptake by mÃ©tastases,benign lesions, or other
pathologies. Nevertheless, sufficient selective uptake was ob
tained in the tumors tested to cause clear visible enhancement
on NMR images with several human xenograft models. More
detailed examination of doses and timing, or studies with other
porphyrin derivatives, may lead to increased specificity. The
multitude of porphyrins available may also provide a series of
contrast agents with individual properties suited for particular
applications (e.g., especially low liver uptake for primary liver
tumors and liver mÃ©tastases).

Metalloporphyrins thus offer considerable potential for use
as NMR imaging contrast agents. The combination of the
sensitivity, versatility, and safety of NMR imaging with the
biological selectivity of metalloporphyrins could greatly en
hance visualization and characterization of tumors. Further
studies will be required to assess more fully this role for metal
loporphyrins.
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