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Investigation of Lanthanide-Based Starch Particles
as a Model System for Liver Contrast Agents

Sigrid L. Fossheim,! Kenneth E. Kellar,? Sven Mansson,? Jean-Marie Colet,* P&l Rongved,>

Anne Kjersti Fahlvik,> and Jo Klaveness!

Gadolinium and dysprosium diethylenetriamine pentaace-
tic acid-labeled starch microparticles (Gd-DTPA-SP and
Dy-DTPA-SP) were investigated as model liver contrast
agents. The liver contrast efficacy of particles with low and
high metal contents was compared in two imaging models:
in vivo rat liver and ex vivo perfused rat liver. The biodistri-
bution of intravenously injected particles was also as-
sessed by ex vivo relaxometry and inductively coupled
plasma atomic emission spectrophotometry of tissues. All
particles reduced the liver signal intensity on T2-weighted
spin-echo and gradient-recalled echo images as a result of
susceptibility effects. Because of their higher magnetic
susceptibility, the Dy-DTPA-SP were more effective nega-
tive contrast enhancers than the Gd-DTPA-SP. On T1-weighted
spin-echo images, only the Gd-DTPA-SP with low metal con-
tent significantly increased the liver signal intensity. In
addition, these low-loading Gd-DTPA-SP markedly reduced
the blood T1. The two latter observations were not consis-
tent with the anticipated blood circulation time of micro-
particles, but were a result of the lower stability of these
particles in blood compared with Gd-DTPA-SP, which has a
high metal content. Regardless of stability or imaging
conditions, the paramagnetic starch particles investigated
showed potential as negative liver contrast enhancers.
However, the observed accumulation of particles in the
lungs represented a biological limitation for their use
as contrast agents. ). Magn. Reson. Imaging 1999;
9:295-303. © 1999 Wiley-Liss, Inc.

Index terms: starch particles; dysprosium; gadolinium; liver
contrast efficacy; susceptibility effects

Abbreviations: FOV = field of view; Gd = Gadolinium; GRE = gradient recalled
echo; Dy = dysprosium; DTPA = diethylenetriamine pentaacetic acid; ICP-AES =
inductively coupled plasma atomic emission spectrophotometry; MPS = mono-
nuclear phagocyte system; RCE = relative contrast enhancement; ROl = region of
interest; SE = spin echo; SEM = standard error of the mean; S| = signal intensity;
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PARAMAGNETIC PARTICULATE MATERIALS, such as
liposomal gadolinium (Gd) formulations and manga-
nese hydroxyapatite, have been extensively investigated
as potential organ-specific contrast agents for magnetic
resonance imaging (MRI) (1-3). Most research on para-
magnetic particles has focused on their ability to en-
hance contrast by functioning as positive (T1) contrast
agents; their potential as negative (T2) contrast agents
has been discussed only in the case of manganese
carbonate particles (4). However, water-soluble low-
molecular-weight (Gd) and dysprosium (Dy) chelates
have been shown to function as negative contrast agents
for cerebral and cardiac imaging (5-7). Unless extremely
high concentrations of the chelates are used, the nega-
tive contrast effect arises from a compartmentation of
the agent. In a magnetic field, the compartment contain-
ing the agent can be regarded as a large “magnetic
particle” to extracompartmental water protons, and T2
is shortened as a result of water protons diffusing in the
outer-sphere environment of the magnetized compart-
ment. This relaxation enhancement is often referred to
as the susceptibility effect (8).

In the present work, the ability of starch particles,
containing covalently linked Gd- and Dy-diethylenetri-
amine pentaacetic acid (Gd-DTPA and Dy-DTPA), to
function as positive and negative liver contrast agents
was evaluated. The contrast efficacy of particles with
low and high metal contents was compared in a variety
of ex vivo and in vivo liver models. The biodistribution of
intravenously injected particles was assessed by induc-
tively coupled plasma atomic emission spectrophotom-
etry and by relaxation analyses of excised tissues and
withdrawn blood.

MATERIALS AND METHODS
Particulate Substances

The starch particles consisted of epichlorohydrin cross-
linked hydrolyzed potato starch labeled with Gd-DTPA
or Dy-DTPA, referred to as Gd-DTPA-SP and Dy-DTPA-
SP, respectively (Fig. 1) (9). Because of the swellable
nature of the particle, the labeling procedure ensured
that metal chelate was located homogeneously through-
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Figure 1. Anticipated structure of Gd-DTPA-SP and Dy-DTPA-SP.

out the particle, including the surface (9,10). Particu-
late formulations with varying metal contents were
prepared and lyophilized until further use (Virtis Bench-
top Lyophilisator BT-5L, Virtiscomp, Gordimer, NJ ).

Particle Characterization

The metal content of the particles was determined by
inductively coupled plasma atomic emission spectropho-
tometry (ICP-AES) (11). For the Dy-DTPA-SP, the Dy
content varied from 2.7% to 12.7% (w/ w), and the Gd
content of the Gd-DTPA-SP ranged from 2.7% to 9.3%.
For particle size and electrophoretic mobility analyses,
particles were suspended in an isotonic 5% (w/v) glu-
cose solution (Glucose 50 mg/ ml, B. Braun, AG Melsun-
gen, Germany), sonicated, and filtered through 5-um
filters (Millex-SV, Millipore, Bedford, MA). The mean
volume-weighted particle diameter was determined by
the Coulter counter technique (Coulter Counter Multi-
Sizer Il, Coulter Electronics, Luton, England). Electro-
phoretic mobility was measured by laser Doppler veloc-
imetry (Delsa 440, Coulter Electronics, and ZetaSizer
IV, Malvern Instruments, Malvern, England).

Magnetic Characterization

The magnetic properties of particles with 2.7% metal
content have previously been determined by variable-
temperature vibrating sample magnetometry (11). The
magnetic susceptibilities of the Dy-DTPA-SP and Gd-
DTPA-SP at 22°C were 4.9 and 2.4:102 cm3 mol},
respectively. The magnetic measurements of the particu-
late substances with higher metal content were per-

formed on a vibrating sample magnetometer operating
at 22°C (Molspin, Newcastle upon Tyne, England). The
magnetization was recorded in the field strength range
from -1 to 1 T and was corrected for diamagnetic
contributions (sample container and particle starch
matrix). The slope of the corrected magnetization versus
field strength curve was obtained by a linear least-
squares regression analysis from which the magnetic
susceptibility was calculated (11).

In Vitro Relaxometry

Particles were suspended in 0.8% (w/ v) agar gel (Agar,
Kebo Lab, Oslo, Norway) to prevent aggregation and
sedimentation during the time course of the relaxation
measurements. The sonicated and filtered aqueous
particulate suspension, prepared as previously de-
scribed, was shaken horizontally (HS 500, ] anke &
Kunkel, Staufen i. Breisgau, Germany) with a heated
agar solution. Relaxometry was performed at 37°C and
0.47 T (Minispec PC-120b, Bruker, Rheinstetten, Ger-
many). T1 relaxation times were obtained by the inver-
sion recovery method, and T2 relaxation times were
determined from a Carr-Purcell-Meiboom-Gill spin-
echo (SE) pulse sequence with an echo time (TE) of 4
msec. The T1 and T2 relaxivities (r1 and r2 respectively)
were obtained from a linear least-squares regression
analysis of relaxation rate (1/ T1, 1/ T2) versus metal ion
concentration. For comparative and control purposes,
the relaxivities of Gd-DTPA (Magnevist, Schering, Ber-
lin, Germany) and Dy-DTPA (prepared from DyCls and
DTPA) were also determined in 0.8% agar gel. The metal
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ion concentration in agar samples was determined by
ICP-AES.

Ex Vivo Tissue Relaxometry

Particles with 2.7% metal content were dispersed in a
5% glucose solution, as previously described?!, and
administered iv to male Wistar rats (Mgllegaard Breed-
ing Center, Ejby, Denmark) at dosages of 20, 50, and
150 umol Gd or Dy/ kg body weight (n = 4). The injection
volume was 1.6 mL/ 100 g, and the injection rate was
0.5 mL/ min. A volume equivalent injection of a 5%
glucose solution was administered iv to control rats (n =
10). The rats were anesthetized 30 minutes after injec-
tion by an intraperitoneal injection of pentobarbital.
The rats were laparotomized, and blood was taken from
the vena cava. The latter was then severed to effect
euthanasia. T1 and T2 of liver, spleen, and lungs were
measured at 37°C and 0.47 T within 2 hours of tissue
excision and were also recorded in homogenized liver
(Ika Werk TP 18-10 homogenizator, Ika Werk, Staufen i.
Breisgau, Germany). The Tl and T2 of blood were
measured within 10 minutes of withdrawal. The appara-
tus and pulse sequence parameters were analogous to
those used for the in vitro relaxometry.

In Vivo Liver Imaging

Liver imaging was performed at 2.4 T (Biospec 24/ 30,
Bruker, Ettlingen, Germany). Male Wistar rats (Mgl-
legaard Breeding Center, Ejby, Denmark) were anesthe-
tized by intraperitoneal administration of pentobarbi-
tal. Particulate formulations with low (2.7% Gd or Dy)
and high (9.3% Gd or 10.9% Dy) metal contents were
prepared as previously described! and administered iv
to rats. Dosages of 20, 50, 100, and 150 umol Gd or
Dy/ kg body weight were used for the low-loading par-
ticles (n = 3). Rats received injections of the high-
loading particles at dosages of 50 and 100 pumol Gd or
Dy/ kg body weight (n = 3). The injection volume was 1.6
or 1.0 mL/100 g for the low-loading particles and
high-loading particles, respectively, and the injection
rate was 0.5 mL/ min. A volume equivalent injection of a
5% glucose solution was given iv to the control rats (n =
6 or 8). Groups of one control and three test rats were
imaged at each dosage.

T2*-weighted (T2*-w) gradient-recalled echo (GRE)
and T1-w SE axial images of the liver were obtained 15
and/ or 30 minutes after injection. The following pulse
sequence parameters were used for the particles with
low metal content: T1l-w SE: TR/ TE 150/ 12.6 msec;
GRE: TR/ TE/flip angle = 50/ 14 msec/ 20°. Modified
parameters were employed for particles with high metal
content: T1-w SE: TR/ TE 157/ 13.5 msec; GRE: TR/ TE/
flipangle 80/ 9 msec/ 20°. The T1-w SE pulse sequences
were considered equal. To minimize susceptibility arti-
facts, the GRE sequence used for the high-loading
particles required a significantly shorter TE. Conse-
quently, the GRE sequences could not be directly com-
pared. The following parameters were fixed for all experi-
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ments: field of view (FOV) 12 cm; matrix size 256 X 256;
number of slices 3; slice thickness 5 mm. The third slice
was selected for image analysis. The mean signal inten-
sity of liver (Slier) was measured within a freehand-
drawn region of interest (ROI) in the liver parenchyma.
For background noise, the mean signal intensity (Slnoise)
was measured within a large circular ROI, located in an
area not disturbed by motion artifacts. The percentage
relative contrast enhancement (RCE) in the liver paren-
chyma was calculated as: RCE = 100 X (SNRgest -
SNRcontrot) / SNRcontrol, Where SNReest is the signal-to-
noise ratio, Sljyer/ Slhoise, for test rats, and SNRontror iS
the mean SNR of the control group.? The rats were
sacrificed by intraperitoneal injection of pentobarbital.
Lungs, spleen, and liver were excised, weighed, and
freeze-stored for later ICP-AES analysis.

Ex Vivo Liver Imaging

The contrast efficacy of particles with high metal con-
tent (8.0% Gd or 9.6% Dy) was assessed in the isolated
and perfused rat liver at 4.7 T (MSL-200-15, Bruker,
Rheinstetten, Germany). Livers were isolated from anes-
thetized male Wistar rats (Iffa Credo, Brussels, Belgium)
and perfused at 37°C with a constant flow (3-4 mL/
min/ g of liver) through the portal vein with about 200
mL of a recirculating Krebs-Henseleit buffer (containing
no EDTA) saturated with carbogen (95% Oz, 5% CO;)
(12,13). The particulate preparations (1.6 mL/ 100 g)
were added to the perfusion fluid at a rate of 0.8
mL/ min and at a dosage of 150 umol Gd or Dy/ kg body
weight (n = 3). After 60 minutes of recirculatory perfu-
sion, the livers were perfused for 30 minutes in the
nonrecirculating mode to wash out the extracellular
space of liver. T2-w SE axial images of the liver were
acquired with: TR/TE 1701/32.4 msec; FOV 4 cm;
matrix size 128 X 128; number of slices 4 or 8; slice
thickness 3 mm. Two control images were obtained
before particle administration. Nine test images were
acquired every 10 minutes after addition of particles (6
and 3 during the recirculatory and nonrecirculatory
perfusion modes, respectively).

Image analysis was based on SI measurements of liver
parenchyma, external reference tube, and image back-
ground. Three circular ROls were selected in liver paren-
chyma, and two circular ROls were selected for back-
ground noise measurements. The ROl size and
localization were unaltered during the image analysis.
For each image, the Sljer and Slpeice Values were taken
as the mean intensity of the ROIs. Signal-to-reference
ratios (SRR), Sljiver/ Sler, and SNR values were calcu-
lated for test and control images. The RCE in the liver
parenchyma was calculated, as previously described,
using a mean value for SRR gntro @aNd SNR ontro. After
termination of the perfusions, livers were weighed and
freeze-stored for later ICP-AES analysis.

ICP-AES Analysis

The agar samples were digested and analyzed with
respect to metal content, as previously described (11).

1ICP-AES analysis of filtered suspensions showed at the most a 4% loss
of particulate material upon filtration.

2A mean liver SNR value was used for the control group as the liver SNR
of control rats differed by less than 5%.
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Tissue samples were dried for 24 hours at 110°C (Ter-
maks TS 4057, Bergen, Norway). After addition of the
internal standard yttrium and concentrated nitric acid,
the tissues underwent a heating cycle of 210 minutes,
up to 130°C (Tecator Digestion System 40 with Autostep
1012 Controller, Héganas, Sweden). After cooling, hydro-
gen peroxide 30% (v/ v) was added to the tissues, which
were further digested at 100°C for 30 minutes. The
solutions of the digested samples were cooled and
diluted to the mark with water. The metal ion concentra-
tion was determined by using a multipoint standard
calibration curve (Perkin Elmer Plasma 2000 ICP-AES,
Norwalk, CT)(11). The metal contents/ g of both wet and
dry tissue were calculated.

Statistical Analysis

The data are given as mean values *+ standard error of
the mean (SEM). One-way analysis of variance was used
to test for differences between control and dosage groups
as well as differences in efficacy between particulate
preparations. The probability (P) values were adjusted
for multiple comparisons by the Bonferroni method
(14). P values of less than 0.05 were considered statisti-
cally significant.

RESULTS
In Vitro Characterization

The physicochemical properties of the particulate formu-
lations are given in Table 1. The magnetic susceptibility
of the particles was independent of metal content and
was approximately 1.9-fold higher for the Dy-DTPA-SP
than for the Gd-DTPA-SP. For nonparticulate Gd-DTPA,
rl and r2 values of 3.9 and 4.7 s mmol* L, respec-
tively, were obtained. The corresponding relaxivities
for nonparticulate Dy-DTPA were 0.10 and 0.12 s
mmol! L. Both the rl and r2 values of Gd-DTPA-SP
were about a factor of 1.6 to 2 higher than those of
nonparticulate Gd-DTPA. The rl values of Dy-DTPA-SP
were approximately 1.5-fold higher than those of non-
particulate Dy-DTPA. The r2/rl ratio of Dy-DTPA-SP
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was significantly higher than that of nonparticulate
Dy-DTPA, and the ratio increased with Dy content.
Similar r2/rl ratios were obtained for the Gd-DTPA-SP
preparations and nonparticulate Gd-DTPA.

Ex Vivo Tissue Relaxometry

Table 2 summarizes the effect of particles with low metal
content on the relaxation times of liver, spleen, lungs,
and blood. The Gd-DTPA-SP gave a dose-dependent T1
shortening in all tissues and blood throughout the
dosage range (P < 0.001 for dosage groups versus
control). Homogenization of liver further shortened T1.
The T2 shortening was significant in all tissues and
blood in the tested Gd dosage range (P < 0.04 for dosage
groups versus control). No further T2 shortening was
observed after liver homogenization. The Dy-DTPA-SP
had no effect on the Tl and T2 in either intact or
homogenized liver. A significant T1 effect was observed
in spleen at all dosages of Dy-DTPA-SP (P < 0.01 for
dosage group versus control). For blood and lungs, a
marked T1 reduction was obtained at dosages of 50
pmol Dy/ kg and above (P < 0.02 for 50 umol/ kg dosage
groups versus control). AT2 shortening was observed in
lungs, spleen and blood at dosages of 50 umol Dy/ kg
and above (P < 0.04 for 50 umol/ kg dosage groups
versus control). Histological examination of liver and
blood samples showed the periportal distribution of
particles with uptake in the liver Kupffer cells and
particle internalization into polymorphonuclear leuko-
cytes, respectively (results not shown).

InVivo Liver Imaging

The effect of low- and high-loading particles on the in
vivo liver contrastenhancement is summarized in Tables
3 and 4, respectively. On T1-w SE images, a significant
dose-dependent positive RCE was observed for the
low-loading Gd-DTPA-SP in the dosage range 50-150
pumol Gd/ kg (50 vs 100 umol Gd/ kg, P = 0.04; 100 vs
150 umol Gd/kg, P = 0.005). The low-loading Dy-
DTPA-SP reduced the liver SI on Tl-w SE images at

Table 1
Physicochemical Characteristics of Gd-DTPA-SP and Dy-DTPA-SP Preparations
Particulate Metal _1Relaxi\ii1ty ,, Particle Electrophoretic Magnetic _
cubstance | content (sT'mmol™'L)**  diameter mobility susceptibility>© Experiment
(% ww) 2 2 (pm) (umcm/Vs)  (1072cm®mol')
Gd-DTPA-SP 2.7 7.6 9.3 1.2 1.5 -0.5 2.4 Tissue relaxometry/in vivo liver imaging
4.0 7.2 9.0 1.3 2.4 -2.3 2.4 In vitro relaxometry
6.7 6.2 8.7 1.4 2.3 -1.8 2.4 In vitro relaxometry
8.0 6.2 7.4 1.2 2.2 —-25 2.4 Ex vivo liver imaging
9.3 2.7 -0.9 2.4 In vivo liver imaging
Dy-DTPA-SP 2.7 0.15 3.1 21 1.5 -0.5 4.9 Tissue relaxometry/in vivo liver imaging
5.7 0.15 34 23 2.6 -1.8 4.5 In vitro relaxometry
9.6 2.8 —24 4.4 Ex vivo liver imaging
10.9 2.6 —1.1 4.5 In vivo liver imaging

12.7 0.16 4.1 26 2.7 -1.9 4.4

In vitro relaxometry

3(0.8% agar gel, 37°C, 0.47T).
bCorrelation coefficient = 0.99.
c22°C.
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Table 2

Effect of Gd-DTPA-SP and Dy-DTPA-SP With Low Metal Content (2.7% Gd or Dy) on Blood and Tissue Relaxation Times in Rats

30 Minutes After IV Administration (37°C, 0.47 T)*
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Dosage

Relaxation times (msec)

T1 and (T2)
(umol Gd or Dy/kg)
Liver Liver, homog. Spleen Lungs Blood
Control 295+ 4 289 * 1 573 £ 16 649 + 13 1036 = 17
(49 =1) (48 = 1) (65 = 2) (72 £ 2) (316 = 3)
Gd-DTPA-SP
20 259 + 1 252 =1 349 + 7 502 *= 14 766 + 17
(45 + 1) (44 + 1) (54 + 1) (63 *+ 4) (274 + 3)
50 211 £ 3 200 £ 2 190 =5 294 + 13 354 £7
(44 =1) (43 =1) (47 =1) (52 = 3) (210 = 13)
150 137 =9 104 =3 170 £ 2 240 =3 1852
(36 = 1) (34 = 1) (87 =1) (43 1) (105 = 1)
Dy-DTPA-SP
20 289 + 2 287 =1 500 =7 635 = 13 1013 = 11
(47 = 1) (49 + 1) (55 + 1) (65 + 2) (310 = 2)
50 290 =1 287 £ 4 456 * 14 542 + 12 980 + 6
(45 = 1) (47 = 1) (52 = 1) (62 = 1) (266 = 5)
150 287 + 2 280 £ 2 400 =2 497 =6 829 x5
(47 =1) (46 = 2) (50 = 1) (60 = 3) (215 = 4)

*Data are given as mean = SEM (control: n = 10; test dosages: n = 4).

dosages of 50 umol Dy/ kg and above. The high-loading
Gd-DTPA-SP had no marked effect on the Sl in T1-w SE
images, and a dose-dependent negative RCE was ob-
tained for the high-loading Dy-DTPA-SP (50 vs 100
pmol Dy/ kg, P < 0.01, at both time points). On the GRE
images, a significant negative RCE was observed at all
dosages for the particles, irrespective of metal content.
The effect was dose-dependent in the 50-150 pmol
Gd/ kg dosage range for the Gd-DTPA-SP with low metal
content (50 vs 100 pmol Gd/ kg, P = 0.03; 100 vs 150
mmol Gd/ kg, P = 0.03). The negative RCE was also
dose-dependent in the 20-100 pmol Dy/ kg dosage
range for the low-loading Dy-DTPA-SP (50 vs 20 pumol
Dy/ kg, P =0.025; 50 vs 100 umol Dy/ kg, P = 0.017). No
further liver Sl decrease was obtained on GRE images at
a higher Dy dosage. At dosages of 50 pmol/ kg and
above, the Dy-DTPA-SP with low metal content had a

Table 3

Effect of Gd-DTPA-SP and Dy-DTPA-SP With Low Metal Content
(2.7% Gd or Dy) on Liver Contrast Enhancement in Rats 30 Minutes
After IV Administration (2.4 T)*

Relative liver contrast
Dosage

| Gd or Dvik enhancement
(hmo or Byko) T1-w SE GRE
Gd-DTPA-SP
20 +0 (%3) —29 (£3)
50 +62 (+3) —37 (£3)
100 +76 (+2) —56 (£3)
150 +100 (£6) —67 (=1)
Dy-DTPA-SP
20 —6 (£3) —41 (=4)
50 —19 (%5) —67 (£2)
100 —26 (+2) —82 (x2)
150 —30 (+5) —84 (=1)

stronger effect on the liver Sl decrease on GRE images
than the corresponding Gd-DTPA-SP (Dy versus Gd 50
pmol/ kg, P = 0.004; 100 pmol/ kg, P = 0.009; 150
pmol/ kg, P < 0.001). A dose-dependent response was
also obtained on GRE images for the high-loading
Dy-DTPA-SP (50 vs 100 umol Dy/ kg, P < 0.05 at both
time points). No dose dependency was observed for the
Gd-DTPA-SP with high metal content. At both tested
dosages, the high-loading Dy-DTPA-SP were more effi-
cient negative contrast enhancers on GRE images than
the corresponding Gd-DTPA-SP (Dy versus Gd at both
time points: 50 umol/ kg, P < 0.05; 100 pmol/ kg, P <
0.02). The different TE in the GRE sequences did not
allow any comparison of the liver RCE for the high- and
low-loading particles.

Ex Vivo Liver Imaging

Figure 2 shows the time evolution of the negative RCE
in rat liver during perfusion with high-loading par-

Table 4

Effect of Gd-DTPA-SP and Dy-DTPA-SP With High Metal Content
(9.3% Gd or 10.9% Dy) on Liver Contrast Enhancement

in Rats (2.4 T)*

Relative liver contrast enhancement
T1-w SE GRE
15 min 30 min 15 min 30 min

Dosage
(umol Gd or Dy/kg)

Gd-DTPA-SP
50 4 (£1)  +3(x1) —86(x2) —43(+2)
100 +18 (+4) +8(£5) —47 (£3) —51 (=1)
Dy-DTPA-SP
50 —18(*2) —17(x0) —51 (£3) —53 (*4)
100 —31(*2) —85(x1) —70(£3) —70(%2)

*SE = spin echo, GRE = gradient-recalled echo. T1-w SE: TR/TE
150/12.6 msec; GRE: TR/TE/flip angle 50/14 msec/20°. Data are
given as mean *= SEM (n = 3 in test groups; n = 8 in control group).

*SE = spin echo; GRE = gradient-recalled echo. T1-w SE: TR/TE
157/13.5 msec; GRE: TR/TE/flip angle 80/9 msec/20°. Data are
given as mean * SEM (n = 3 in test groups; n = 6 in control group).
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Figure 2. Contrastenhancement in the perfused rat liver after
administration of Gd-DTPA-SP and Dy-DTPA-SP with high
metal content (8.0% Gd or 9.6% Dy) (37°C, 4.7 T). The arrow
indicates the last image acquisition during recirculatory perfu-
sion. Data are given as mean = SEM (n = 3).

ticles.? The contrast enhancement reached a plateau
after 30 and 40 minutes of perfusion with Dy-DTPA-SP
and Gd-DTPA-SP, respectively. After 60 minutes of
recirculatory perfusion, the Dy-DTPA-SP had the stron-
gest negative contrast effect with, an RCE of —59 *= 4%
compared with =39 = 4% for the Gd-DTPA-SP (Dy
versus Gd, P = 0.03). During the last 30 minutes of
nonrecirculatory perfusion, the contrast enhancement
remained essentially invariant for the Dy-DTPA-SP and
Gd-DTPA-SP, with final values of =57 + 3% and -29 =
4%, respectively (Dy versus Gd, P = 0.004). The ratio of
the final liver RCE was 1.96, which approximated the
ratio of their magnetic susceptibilities. Figure 3 shows
the effect of the Dy-DTPA-SP on the Sl of the perfused
rat liver, 30 and 90 minutes after particle administra-
tion.

ICP-AES Tissue Analysis

Tables 5 and 6 report the tissue content and uptake of
Gd and Dy after iv administration of low- and high-
loading particles (in vivo liver imaging experiments). The
metal content/ g dry tissue is not reported for purposes
of clarity. The tissue deposition of Gd and Dy was
similar and generally dose dependent. At equivalent
dosages, the tissue uptake was more extensive for the
high-loading particles, their liver uptake being approxi-
mately 60% higher than that of low-loading particles.
The uptake of the low-loading particles in the perfused
liver was similar. For the Gd-DTPA-SP, the metal con-
tent was 0.262 + 0.028 pmol Gd/ g wet liver, and the
liver uptake was 9.8 = 1.0% of the administered dose.
The corresponding values for the Dy-DTPA-SP were
0.349 = 0.067 umol Dy/ g wet liver and 12.0 = 2.4%.

3Due to artifacts in the central part of the image (where the external
reference was placed), the RCE was based on SNR values.
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0 min 30 min 90 min

Figure 3. T2-weighted spin echo axial images of the perfused
rat liver before and 30 and 90 minutes after administration of
Dy-DTPA-SP with high metal content (9.6% Dy) (37°C, 4.7 T).
(Please note the central position of the external reference tube).

DISCUSSION

The rl and r2 values of the Gd-DTPA-SP are similar to
those reported for several Gd-DTPA-based macromol-
ecules, the improved relaxivity resulting from an in-
crease in the rotational correlation time (tg) of the metal
chelate when bound to the macromolecule, compared
with free metal chelate (15,16). The low relaxivities of
Dy-DTPA are due to the very short electron spin relax-
ation time (rs) of the Dy ion (17). The higher r1 values of
the Dy-DTPA-SP, relative to Dy-DTPA, cannot be ex-
plained by an increase in 15 and/or tx (17) and are
probably a result of the (labile) binding of water mol-
ecules to the hydrophilic starch matrix. The initial
results of a more detailed investigation (18) show that
the magnetic field dependence of 1/ T1 for starch par-
ticles containing no paramagnetic ions is similar to that
observed for tissue and for cross-linked bovine serum
albumin solutions (19,20), thereby demonstrating the
existence of water molecules bound to the starch ma-
trix. The binding of water molecules to the starch
particle increase the relaxivity by two potential mecha-

Table 5

Tissue Content and Uptake of Gd and Dy 30 Minutes After IV
Administration of Gd-DTPA-SP and Dy-DTPA-SP

With Low Metal Content (2.7% Gd or Dy)*

Dosage Tissue content (umol Gd or Dy/g wet tissue)
(umol Gd (tissue uptake [% of administered dosage])
or Dy/kg) Liver Spleen Lungs
Gd-DTPA-SP
20 0.098 + 0.008 0.037 +0.002 0.237 + 0.053
(24.5 = 0.9) (0.7 £ 0.1) (10.1 =1.1)
50 0.242 = 0.023 0.180 = 0.042 0.843 = 0.050
(25.3 = 2.4) (1.2 +0.3) (11.8 = 1.4)
100 0.430 = 0.021 0.475 = 0.141 1.424 = 0.096
(23.8 +1.7) (1.5 +0.3) (9.6 = 1.1)
150 0.633 = 0.061 0.421 = 0.119 2.360 + 0.196
(24.3 = 2.0) (0.9 £0.2) (9.7 £0.2)
Dy-DTPA-SP
20 0.122 = 0.021 0.130 = 0.008 0.187 = 0.008
(25.4 + 1.8) (2.0 = 0.1) (6.1 = 0.4)
50 0.320 = 0.047 0.409 = 0.013 0.914 = 0.045
(28.6 + 3.8) (2.3 +0.3) (8.4 +0.1)
100 0.361 £0.035 0.392 = 0.066 1.478 = 0.200
(19.3 £1.3) (1.3 £0.3) (9.3 £1.3)
150 0.595 = 0.051 0.458 = 0.142 1.976 = 0.278
(24.3 = 3.4) (1.3 £0.6) (7.4 =1.1)

*Data are given as mean = SEM (n = 3). The metal content/g dry
tissue is not reported for purposes of clarity.
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Table 6

Tissue Content and Uptake of Gd and Dy 30 Minutes After IV
Administration of Gd-DTPA-SP and Dy-DTPA-SP

With High Metal Content (9.3% Gd or 10.9% Dy)*

Dosage Tissue content (umol Gd or Dy/g wet tissue)
(umol Gd (tissue uptake [% of administered dosage])
or Dy/kg) Liver Spleen Lungs
Gd-DTPA-SP
50 0.416 = 0.016 0.365 = 0.047 1.040 = 0.176
(41.2 £1.0) (2.1 = 0.4) (14.0 = 1.6)
100 0.679 = 0.047 0.642 = 0.049 2.444 + 0.302
(37.5 £ 2.0) (2.1 £0.2) (19.6 =1.1)
Dy-DTPA-SP
50 0.363 = 0.011  0.297 = 0.010 0.765 + 0.079
(39.5 £ 0.5) (1.8 +0.2) (13.2 £2.9)
100 0.552 + 0.046 0.617 = 0.108 1.850 = 0.545
(34.0 £1.9) (1.8 £0.3) (17.4 £1.4)

*Data are given as mean = SEM (n = 3). The metal content/g dry
tissue is not reported for purposes of clarity.

nisms. First, water molecules could bind to the starch
matrix near enough to Dy ions that there would be a
significant magnetic dipolar interaction, a type of “sec-
ond-sphere” effect. Secondly, and more likely, water
molecules bound to the starch particle could also con-
tribute to theincreased rl through a diamagnetic effect.
The motion of particulate-bound water is sufficiently
slow that the lifetime of water molecules bound to the
starch matrix becomes the correlation time for the
interaction, causing a large increase in the water proton
relaxation rate (19,20). Cross-relaxation between water
and starch protons can also contribute to this diamag-
netic contribution (19,20). Because of their similarity in
structure to the Dy-DTPA-SP, these two mechanisms
must also exist for the Gd-DTPA-SP system. However,
theintrinsic rl of any Gd-containing species is so much
larger than that of their Dy-containing counterparts
that the contribution of these two additional mecha-
nisms, if present, would be negligible.

When viewed from the outside, both the Dy-DTPA-SP
and Gd-DTPA-SP can be considered a rather large
magnetized particle due to the magnetization of the
paramagneticions. Hence, a susceptibility effect, result-
ing from the diffusion of water protons in the outer-
sphere environment of the magnetized particle, may be
induced. The r2/rl for Dy-DTPA-SP, which is higher
than that of nonparticulate Dy-DTPA, shows the pres-
ence of the susceptibility effect and its dominance in
comparison with the dipolar contribution. The magneti-
zation, the magnitude of the susceptibility effects, and
the r2/ rl ratio of the Dy-DTPA-SP should increase with
increasing Dy content (8), as presently observed. Suscep-
tibility effects must also exist for the Gd-DTPA-SP
system, but they were not so large (compared with the
dipolar contribution) as to obtain an r2/ rl ratio signifi-
cantly higher than that of nonparticulate Gd-DTPA.

After intravascular administration, particulate mate-
rials are removed from the circulation by uptake into
the mononuclear phagocyte system (MPS) with liver and
spleen as the major clearance organs. The coating of the
particles with various blood components (opsonins)
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enhances the uptake by MPS cells that have specific
receptors for these opsonins (21). The efficiency of this
opsonization process and, hence, the kinetics and de-
gree of MPS uptake are dependent on physicochemical
factors, such as the size, composition, and surface
charge of the injected particles (22-24).

The relaxation time measurements of blood did not
indicate a rapid clearance of the low-loading particles;
the particles appeared to remain in the blood for a fairly
long time, as evidenced by the significant T1 and T2
shortening of the Gd-DTPA-SP even after 30 minutes.*
One plausible reason for the shortened relaxation times
in blood would involve degradation of the particles,
inasmuch as particles of this size would be expected to
be rapidly and efficiently taken up by the MPS (25).
Indeed, the relatively small liver uptake of the low-
loading particles provided strong evidence for the hy-
pothesis of particle degradation.® Two main degradation
pathways have been reported for such cross-linked
starch particles. The most rapid and important mecha-
nism is the hydrolysis of the ester bond between the
DTPA ligand and glucose units with release of the metal
chelate (26). The second is the enzymatic cleavage by
a-amylases of the glycosidic linkage between glucose
units of the starch (9,27). The observed relaxation effect
in blood could therefore be attributed to the presence in
the circulation of particle-released Gd-DTPA and, to a
lesser degree, to particulate fragments that were too
small to be taken up efficiently by the MPS. The lability
of the current particles was demonstrated ex vivo by
particle incubation in rat blood for 2 hours (unpub-
lished results).

The liver T1 shortening caused by the low-loading
Gd-DTPA-SP cannot be attributed to particles taken up
by the liver MPS. The long residence time of water
molecules inside the Kupffer cell confines the T1 reduc-
tion to the intracellular water (28), which represents
only a very small fraction (2%) of the total water volume
in liver (29). Furthermore, most water molecules in liver
could not experience the internal environment of the
Kupffer cells on a time scale necessary to shorten the
liver T1 because of the large distance of separation
(about 75 pm) between neighboring Kupffer cells (28).
Approximately 800 msec would be required for water
molecules to diffuse half of that distance, and most of
the tissue water could not diffuse to the Kupffer cells,
even on the time scale of the intrinsic T1 of liver. The
enhanced liver T1 relaxation, therefore, was mediated
by Gd-DTPA-SP species (both intact and degraded) and
particle-released Gd-DTPA circulating in blood. In addi-
tion, Gd-DTPA could leak into the liver interstitium and
also contribute to the shortened T1. The enhanced liver
T1 upon homogenization confirmed the limited dipolar
relaxation in native liver, such as that reported earlier
for similar Gd-DTPA-SP, Gd-based liposomes, and dex-

4Assuming an rl of 5.8 s-1 mmol-1 L [mean value of r1 for Gd-DTPA-SP
(2.7% Gd) and Gd-DTPA] and a 5.4% [v/ w] blood volume of the body
weight[24], at least 16% of the dosage was estimated to remain in blood.
5Since identical particle preparations were used for tissue relaxometry
and in vivo imaging experiments, the results in Table 5 were used to
interpret the relaxometry data.
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tran magnetite particles (30-32). However, the degree of
T1 shortening was not so pronounced, which is consis-
tent with the presence of large amounts of Gd-DTPA
moieties in the extracellular space of liver.

The liver T1 effect of these low-loading Gd-DTPA-SP
was reflected in a positive RCE in vivo on Tl-w SE
images. However, the Gd-DTPA-SP with higher metal
content had no effect on the liver SI. This is consistent
with a previous study reporting no ex vivo T1 effect in
liver after injection of similar high-loading Gd-DTPA-SP
(30). The lack of positive contrast effect in liver may be
explained by a higher blood stability of the Gd-DTPA-SP
with high metal content. Indeed, studies have shown
that the degradation rate of the ester and glycosidic
linkages in Gd-DTPA-SP decreases with increasing Gd
content (9,26). Consequently, the higher stability and,
possibly, the larger particle size and more negative
surface charge of the high-loading Gd-DTPA-SP contrib-
uted to a higher liver uptake, compared with the low-
loading analogs (Table 1), as confirmed by the ICP-AES
results. Because of substantial particle localization
within the Kupffer cells, there would be no positive liver
contrast effect.

The confinement of paramagnetic contrast material
within Kupffer cells is known to promote liver suscepti-
bility effects (4,31,32). Such effects should be invariant
with the r2 of the contrast agent and depend only on the
magnetization of the Kupffer cell—the latter modulated
by the field strength, magnetic susceptibility, and intra-
cellular concentration of the agent. The Dy-DTPA-SP
were expected to be more efficient susceptibility agents
than the Gd-DTPA-SP, because of the higher magnetic
susceptibility. However, the intracellular concentration
of the Dy-DTPA-SP was not high enough to result in a
magnetization that would significantly shorten the liver
T2 at 0.47 T. Because the Dy-DTPA-SP showed no T2
decrease in liver, the T2 shortening induced by the
Gd-DTPA-SP must be a dipolar effect resulting from
particle degradation in blood, as explained previously.

Susceptibility effects in liver were expected to in-
crease with field strength. Indeed, at 2.4 T, the GRE
images of in vivo liver showed a more marked negative
RCE for the Dy-DTPA-SP than did the Gd-DTPA-SP. The
T2-w SE imaging results of the perfused liver model at
4.7 T complemented those obtained in vivo, because
both Gd-DTPA-SP and Dy-DTPA-SP were efficient nega-
tive contrast enhancers. The onset of contrast occurred
within 20 minutes, implying rapid liver uptake of the
particles. The invariant RCE during the nonrecircula-
tory perfusion demonstrated the involvement of intracel-
lularly located particles in the liver contrast enhance-
ment. The twofold higher RCE for the Dy-DTPA-SP
confirmed that the negative liver contrast effect was
caused by the susceptibility effect, resulting from the
confinement within Kupffer cells of a paramagnetic
material with a higher magnetic susceptibility. It is of
interest that the particle uptake in the perfused liver
was lower than the in vivo liver model. This could be
attributed to the lack of opsonization process, as the
perfusate was a Krebs-Henseleit buffer devoid of any
blood components.

Fossheim et al.

The spleen also played an important role in the blood
clearance of particles. Despite similar tissue Gd concen-
trations,> the effect of Gd-DTPA-SP on the T1 and T2
decrease in spleen was more pronounced than in liver.
Such differences in relaxation efficacy have previously
been observed for Gd-DTPA-SP preparations and were
attributed to the dissimilar histological architecture of
the two tissues (30). Structural features in spleen, such
as a more homogeneous distribution of macrophages
and larger endothelial fenestrations (2-3 um vs 0.1 um
in liver), also allowing passage of particle fragments into
the splenic tissue, may be factors that enhanced the
dipolar relaxation in spleen.

The relaxation effect and high metal deposition in
lungs raised some concern with respect to the safety of
the starch particles. The observations could not be
explained by particle uptake in the lung MPS, because
the macrophages do not line the pulmonary blood
vessels (33). Most likely, particle aggregation and physi-
cal entrapment in the pulmonary capillaries occurred
as a large number of particles arrived to the lungs
during a short time period. Such particle accumulation
in the lungs has been reported for similar-size gadolin-
ium oxide particles (2).

CONCLUSIONS

The investigated Gd-DTPA-SP and Dy-DTPA-SP func-
tioned as susceptibility agents, reducing the liver MRI
signal intensity due to compartmentalization within
Kupffer cells. Because of a higher magnetic susceptibil-
ity, the Dy-DTPA-SP were the most efficient negative
contrast enhancers in liver. For the Gd-DTPA-SP with
high loading, an increase in liver MRI signal intensity
was not observed despite a relatively high rl in vitro.
The liver T1 could not be reduced because of the small
Kupffer cell volume fraction, the long water residence
time within the cell, and the large distance between
neighboring Kupffer cells. Although positive liver en-
hancement was observed for the Gd-DTPA-SP with low
metal content, this effect was not caused by intact
particles. Rather, it was attributed to the presence in the
blood circulation of free Gd-DTPA and particulate frag-
ments caused by particle degradation, inasmuch as
starch particles with low metal content were known to
be less stable than particles with a higher metal con-
tent. In addition, Gd-DTPA probably extravasated into
the liver tissue, further enhancing the positive liver
contrast. The potential intracellular lability of the DTPA
chelate (34) and particle accumulation in lungs repre-
sented practical limitations for the use of the current
paramagnetic particles as MRI contrast agents. How-
ever, the starch particles investigated are good models,
which demonstrate and explain that factors other than
relaxation properties must be considered to interpret
differences properly between in vitro and in vivo con-
trast efficacy. A comprehension of these differences is
critical for understanding the behavior of particulate
contrast agents in vivo.
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