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Dynamic contrast-enhanced MRI in mouse
tumors at 11.7T: comparison of three contrast
agents with different molecular weights to
assess the early effects of combretastatin A4

A.-C. Fruytier®, J. Magat?®, M.-A. Neveu?, O. Karroum?, C. Bouzin®, O. Feron®,
B. Jordan?, G. O. Cron“® and B. Gallez**

Dynamic contrast-enhanced (DCE)-MRI is useful to assess the early effects of drugs acting on tumor vasculature,
namely anti-angiogenic and vascular disrupting agents. Ultra-high-field MRI allows higher-resolution scanning for
DCE-MRI while maintaining an adequate signal-to-noise ratio. However, increases in susceptibility effects, combined
with decreases in longitudinal relaxivity of gadolinium-based contrast agents (GdCAs), make DCE-MRI more
challenging at high field. The aim of this work was to explore the feasibility of using DCE-MRI at 11.7 T to assess
the tumor hemodynamics of mice. Three GACAs possessing different molecular weights (gadoterate: 560 Da,
0.29 mmol Gd/kg; p846: 3.5 kDa, 0.10 mmol Gd/kg; and p792: 6.47 kDa, 0.15 mmol Gd/kg) were compared to see
the influence of the molecular weight in the highlight of the biologic effects induced by combretastatin A4 (CA4).

Mice bearing transplantable liver tumor (TLT) hepatocarcinoma were divided into two groups (n=5-6 per group
and per GdCA): a treated group receiving 100 mg/kg CA4, and a control group receiving vehicle. The mice were im-
aged at 11.7 T with a T;-weighted FLASH sequence 2 h after the treatment. Individual arterial input functions (AIFs)
were computed using phase imaging. These AlFs were used in the Extended Tofts Model to determine K"*"™ and v,,
values. A separate immunohistochemistry study was performed to assess the vascular perfusion and the vascular
density.

Phase imaging was used successfully to measure the AIF for the three GdCAs. In control groups, an inverse rela-
tionship between the molecular weight of the GdCA and K" and v,, values was observed. K"*"* was significantly
decreased in the treated group compared with the control group for each GdCA.

DCE-MRI at 11.7 T is feasible to assess tumor hemodynamics in mice. With K", the three GACAs were able to
track the early vascular effects induced by CA4 treatment. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information maybe found in the online version of this article at the publisher’s web site.
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gadoterate, p846, p792
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INTRODUCTION

Functional tumor imaging techniques provide quantitative bio-
markers which can predict the success of therapy earlier than
morphologic imaging (1). Such biomarkers are also helpful for
assessment of new drugs and the therapeutic management of
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patients (2). Dynamic contrast-enhanced (DCE)-MRI allows non
invasive investigation of tumor hemodynamics and estimation
of physiologically relevant parameters including blood flow, ves-
sel permeability, vascular and interstitial volume fractions (3).
DCE-MRI is currently used in early-phase clinical trials of anti-
angiogenic and more recently vascular disrupting agents (VDAs)
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DCE-MRI, dynamic contrast-enhanced-MRI; VDAs, vascular disrupting agents;
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(4). Unlike anti-angiogenic agents, which prevent the develop-
ment of new blood vessels, VDAs target the established tumor
vasculature leading to secondary extensive tumor necrosis (5).
Combretastatin A4 (CA4) is a VDA acting as a tubulin-binding
agent, leading to a destabilization of the tubulin polymers of
the cytoskeleton of proliferating endothelial cells. It causes
endothelial-cell shape changes and an increase in vascular per-
meability. Although the mechanisms of action of CA4 have not
yet been completely elucidated, the increase in vascular perme-
ability is a likely trigger for blood flow shutdown via develop-
ment of tissue edema, followed by an increase in blood
viscosity and/or an increase in interstitial fluid pressure (5,6).
The water-soluble prodrug Combretastatin-A4 phosphate
(CA4P) has recently been investigated in Phase Il clinical trials
in combination with chemotherapy (7) and/or with anti-
angiogenic treatment (8) in solid cancers. Using DCE-MRI, de-
creases in the volume transfer constant between blood plasma
and extravascular extracellular space (K™") and the blood
plasma volume per unit volume of tissue (v,) have been shown
to be relevant markers of CA4P efficacy (9,10).

The purpose of the present work was twofold. The first goal
was to show the feasibility of applying DCE-MRI at ultra-high-
field (11.7T) to provide estimates of tumor hemodynamics in
mice. DCE-MRI at such high fields is challenging owing to in-
creased susceptibility effects and decreased longitudinal
relaxivity (r1) of GdCA. The r1 decrease is relatively small for com-
mercially available extracellular agents but more marked for mol-
ecules with protein binding or with slow rotational motion (11).
Susceptibility effects are particularly problematic for estimation
of the arterial input function (AIF). Indeed, we showed recently
that major T,* effects in blood vessels lead to an undesirable
dip in arterial magnitude signal at early time points after
gadoterate meglumine injection (T;-weighted images) (12).

The second purpose of this work was to establish the respective
value of different GACA for monitoring the effect of CA4. One of
the main differences between the various types of GdCA is molec-
ular weight (MW), which affects trans-capillary permeability (13).
That permeability has a critical influence on the physiological inter-
pretation of K™": higher permeability makes K"™"* more reflective
of blood flow, whereas lower permeability makes K""* more re-
flective of vascular permeability (14). Previous studies have shown
that the size of the GACA may affect the measured values of K™"*
and v;, (15,16). Given that VDAs are known to induce early tumor
blood flow decrease and vascular permeability increase, the choice
of contrast agent may have a significant impact on the way in
which DCE-MRI tracks these two effects.

In the present study, we first established the feasibility of
using DCE-MRI at 11.7 T in murine tumors using three different
GdCAs differing in MW (gadoterate, p846 and p792). Phase imag-
ing was used to measure the AIF in iliac arteries/veins. We then
compared the respective value of the three GdCAs for monitor-
ing the early effects of CA4 on the hemodynamic parameters
K™ and v,. A separate immunohistochemistry study was also
conducted to better understand K™ and v,, changes induced
by CA4.

EXPERIMENTAL

Animals

Transplantable liver tumors (TLT hepatocarcinoma (17); ascites;
about 8.10° cells) were induced intramuscularly into the right

rear leg (gastrocnemius muscle) of 5-week-old male NMRI mice
(Janvier Labs, Le Genest St Isle, France). When the tumours
reached 8 + 0.5 mm diameter, mice were divided into two groups
per GdCA (n=5-6): one untreated control group receiving only
vehicle [dimethylsulfoxyde (DMSO); Invitrogen, Merelbeke, Bel-
gium] and one treated group receiving CA4 [100 mg/kg (18), in-
traperitoneal injection; Sigma-Aldrich, Diegem, Belgium]. MRI
examination was carried out at 2 h after treatment. Animals were
anesthetized by isoflurane inhalation (3% for induction and 1.5%
for maintenance, mixed with air). A 24-G catheter was inserted in
the caudal vein of mice for GdCA injection. Respiration rate and
body temperature were monitored. Experiments were per-
formed in accordance to national animal care regulations with
the approval of local Ethics Board 2010/UCL/MD/01.

Data acquisition

All experiments were performed on a 11.7 T Biospec MRI (Bruker,
Ettlingen, Germany). A quadrature whole body coil was used for ra-
diofrequency transmission and reception (inner diameter =40 mm,
length =10 cm). Prior to the DCE-MRI experiment, anatomical im-
ages were acquired using a T,-weighted axial turbo spin-echo
RARE sequence (TR=2500.0ms; TE=33.0ms; RARE factor=38).
Two transverse 1-mm-thick slices were selected (tumor and iliac
arteries/veins). For DCE-MRI, T;-weighted gradient echo images
were obtained with a fast low angle shot sequence (FLASH) with
the following parameters: TE=2.074ms, TR=15.000 ms, flip
angle =40.0°, field of view =40 mm, matrix=128x 64, zero-fill
acceleration factor = 1.4 and spatial resolution =0.312 mm/pixel-
0.625 mm/pixel.

A first set of 400 scans with a temporal resolution of 1.19's was
acquired, with GACA manually administered intravenously after
the 20th scan over 2-3 s (number of averages =1). Afterwards, a
slower DCE data set was acquired with a temporal resolution of
10.1 s to monitor the washout of the contrast material from the
tumor for about 1h (300 images; number of averages=10). A
proton density weighted image was acquired before T;-weighted
sequences with the following parameters: TE=2.074ms,
TR=3500.000ms, flip angle=40.0°, field of view=40mm, ma-
trix = 128 x 64, spatial resolution =0.312 mm/pixel-0.625 mm/pixel.

Contrast agents

All GdCAs were kindly provided by Guerbet (Aulnay-sous-Bois,
France).

Gadoterate meglumine (Gd-DOTA; Dotarem®) is a small gadolin-
ium chelate clinically available, known as a non-specific agent. It
leaves the vascular space and diffuses rapidly into the interstitium.

P846 is a low diffusion agent, a class of blood pool agents
characterized by a reduced extravasation through the endothe-
lium and a rapid renal excretion. It is constituted by a macrocy-
clic 3-armed gadolinium chelate (19,20).

P792 is a rapid-clearance blood-pool agent, with limited diffu-
sion across normal endothelium and clearance equivalent to the
glomerular filtration rate (21). It is a monogadolinated macrocy-
clic complex with a Gd-DOTA core substituted by hydrophilic
bulky groups (22).

The doses were 0.29, 0.10 and 0.15 mmol Gd/kg for gadoterate
meglumine, p846 and p792 respectively, corresponding to an
injected volume of ~20, ~35 and ~150 ul of solution. The doses
chosen were based on the tumor-to-muscle ratio (TMR) evalu-
ated in a previous dose escalation study (data not shown). We
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selected doses with a TMR superior to 2. No delay in the maxi-
mum of enhancement was observed for the selected doses com-
pared with lower doses. R1 relaxivities at 11.7 T were established
at the University of Mons (in collaboration with Professor R.N.
Muller). The characteristics of the three GACAs are summarized
in Table 1 (23,24).

Data analysis

Magnitude and phase MRI data were analyzed using in-house
software written in Matlab (The Mathworks, Natick, MA, USA).

AlF

The AIF was acquired using phase imaging as previously de-
scribed for gadoterate (12). More details on AIF measurement
by phase imaging are available in the Supplementary Data.

The concentration curve for plasma C,(t) was then fitted by a
bi-exponential model (25):

0 t<ty

- 2
Colt) = D~Zai~exp(—mit) t>t

i=1

using a Levenberg-Marquardt algorithm.

Here, t; is the arrival time (time corresponding to the maxi-
mum in the C,, curve), D is the bolus dose of GACA. The equation
is characterized by one fast and one slow exponential compo-
nent, each described by two parameters: a; and m, which repre-
sent the amplitude and decay rate, respectively, of the
distribution of the GdCA and a, and m, which correspond to
the excretion of the GdCA. The bi-exponential model was ap-
plied for gadoterate and p846, whereas, plasmatic curves of
p792 were fitted by a mono-exponential function (26), namely
a, and m, equal 0. The a; and m; values were further used as in-
put to the ETM (27).

Tumor kinetics

A global region of interest (ROI) was manually delineated to
cover the entire tumor area (using the T,-weighted anatomical
images as reference).

Table 1. Characteristics of the three contrast agents
Gadoterate P846 P792

Molecular weight (kDa) 0.56 3.50 6.47

Size (nm) 1.0 4.0 5.0

Dose (mmol/kg) 0.29 0.10 0.15

R1 relaxivity (mM7sT

at 1.5T° 3.5 32 27

at 3.0T° 34 24 12

at 4.7T° 3.3 15 7

at 7.0T° 3.0 11 5

at11.T° 2.7 6 3

437 °C, in 4% human serum albumin (Guerbet data).

b37°C, in water.

The signal intensity obtained from the FLASH sequence is (28):

sin a- (1-exp#)
S=Sg————5-exp —TE [2]
TR T*
(1-cos a- exp?) 2

where Sq is a scaling factor comprising proton density and instru-
mental factors and is determined by the proton density se-
quence, a is the flip angle, TR is the repetition time, and TE is
the echo time. Signal dependence on T,* was neglected as a
result of the short echo time (TE=2.074ms) (29). In a tumor,
the relationship between relaxation rate (1/T1) and GdCA con-
centration can be predicted by the Solomon-Bloembergen
equation (28)

1 1
—=—+n-Ct 3
T, T10+r1 (1), [3]

where r1 is the longitudinal relaxivity of the GACA at 11.7 T, Tyo is
the longitudinal relaxation time in the absence of the GdCA, C(t)
is the concentration of GACA in tissue.

The pharmacokinetic parameters were computed using a two
compartmental model, the Extended Tofts Model (27). This
model takes into account the contribution of the vascular com-
partment, which is not negligible in tumors.

Ce(t) = vp-Cp(t) + K™ [(Cp () et e [4]

Using the amplitude and time constants individually defined,
the measured tissue concentration time course of pixels was in-
dividually fitted to the ETM using a Levenberg—Marquardt non-
linear least-squares procedure.

exp (-kept)-exp(-m;t)
mi'kep

2
+ vp-D-Z a;- exp(-mjt)

i=1

2
C(t) = KDY g
i=1

(5]

where K™ s the volume transfer constant between blood

plasma and extravascular extracellular space (EES) [min~'], v, is
the blood plasma volume per unit volume of tissue, and ke, is
the rate constant between EES and blood plasma [min~'] (30).
Some pixels provide nonphysiological values of K™"* (K" < 0,
K™"*>1min~") and/or v, (v, <0, v,>1). For calculation of
mean values, these pixels were set to zero or 1, respectively.

Immunohistochemistry

Experimental details of the immunohistochemistry study are
available in the Supplementary Data.

Statistical analysis

Values are presented as mean = standard error, unless otherwise
stated. All statistical analysis was performed with GraphPad
Prism 5. The goodness of fit of the concentration curve by the
mono- or bi-exponential model was assessed using Pearson’s
correlation coefficient r. A one-way ANOVA test (Tukey's test)
was used to compare absolute pharmacokinetic parameters of
GdCAs. Unpaired two-sided t-tests (with Welch's correction,
when unequal population variances) were used to compare
mean changes between control and treated groups. P-values
(two-tailed) <0.05(*) were considered as statistically significant.
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RESULTS

Figure 1 (a—c) shows typical magnitude data from a time series of
T;-weighted images, measured in the mouse iliac artery/vein
receiving gadoterate, p846 and p792, respectively. The dip in
arterial signal makes it impossible to quantify the AIF with mag-
nitude imaging. As shown on Figure 1(d—f), with phase imaging,
a clear positive bolus peak is observed after injection of
gadoterate, p846 and p792, respectively. For gadoterate and
p846, in some mice, there is an apparent drop below 0 on late
points of the curve, as shown on Figure 1(d-e). The concentra-
tion curve in plasma was correctly fitted by the bi-exponential
function for gadoterate and p846 [r (+SD) of 0.82 (+0.09) and
0.82 (+0.11) for gadoterate and p846; ***p < 0.0001] and by
the mono-exponential function for p792 [r=0.85 (+0.09);
***p < 0.0001]. It should be noted that, for some mice, the up-
slope of the first pass peak was not accurately fitted. The peak
concentration in plasma measured from the mean maximum
A® of untreated mice is 4.7+1.9mM, 42+22mM and 5.5
+1.4mM for gadoterate (0.29 mmol Gd/kg), p846 (0.10 mmol
Gd/kg) and p792 (0.15 mmol Gd/kg), respectively (mean +SD).
Figure 2 illustrates the enhancement curves obtained in tu-
mors after GdCA injection for control and CA4-treated groups
using the three different GdCAs. For control groups, the GdCA
administration resulted in a clear enhancement in the tumor.
We observed a rapid and large enhancement for gadoterate
(Fig. 2a). For p846 (Fig. 2b), the enhancement was also character-
ized by an early rise but smaller in amplitude. For the highest
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Figure 1. (a-c) Typical input function acquired in iliac artery/vein of
mice with magnitude imaging using gadoterate (a), p846 (b) and p792
(c). Note the negative dip in arterial signal which makes it impossible
to quantify the arterial input function (AIF) with magnitude imaging;
(d-f) Typical time course of concentration in plasma (C,) obtained with
phase imaging for gadoterate (d), p846 (e) and p792 (f). Experimental
data represented by (=) were modeled with a mono- or a bi-exponential
fitting (-).
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Figure 2. Typical signal enhancement in % observed in transplantable
liver tumor (TLT) hepatocarcinoma for the control (dark solid line) and
treated (gray dotted line) group of gadoterate (a), p846 (b), p792 (c). A
smaller enhancement and a slower washout were observed for each
treated group compared with the control group.

MW GdCA p792 (Fig. 2 c), the enhancement was delayed, with a
maximum amplitude occurring around 1000 s after the bolus. In
CA4-treated mice, the amplitude in the signal intensity enhance-
ment was smaller compared with control mice and the washout
was also slower, and this was true for each GdCA (Fig. 2). The
signal-to-noise ratio (SNR) was calculated for the untreated
group of each contrast agent as follows: SNR=S,/SD,, where S;
is the mean signal intensity of the tumour ROl and SD,, the stan-
dard deviation of the noise (31). SNR values of the first set of 400
scans were 85.1+2.8, 59.1+4.6, 58.9+5.2 for gadoterate, p846
and p792, respectively (average of untreated mice). The second
slower part of the acquisition (300 scans every 10.1s) had
a ~two-fold increase of the SNR (147.7+13.0, 110.2+11.3 and
105.7 £ 25.65 for gadoterate, p846 and p792).

Figure 3 shows the pharmacokinetic parameters K™ and v,
determined for each GdCA in the TLT tumors of untreated mice.
Mean K™ values were 0.58 (+0.12), 0.41 (x0.11) and 0.030
(+0.004) min~' for gadoterate, p846 and p792, respectively
(Fig. 3a). A significant difference was observed between K" ob-
tained with p792 compared with K™"* obtained with gadoterate
(**p < 0.01) or p846 (*p < 0.05). A decrease of K™" values was
observed as the MW of the GdCA increases. The fractional plasma
volume v, showed the same trends with mean values of 0.33
(£0.13), 0.16 (£0.06) and 0.014 (+0.003) for gadoterate, p846
and p792, respectively, with no statistically significant differences
between contrast agents (Fig. 3b).

In Figure 4, K™ and v, are expressed as a percentage of
baseline for control and CA4-treated groups. A significant de-
crease of K™ was observed in CA4-treated groups compared
with the control groups (Fig. 4a) for each GdCA (*p < 0.05).
Regarding the fractional plasma volume v, a decrease was
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Figure 3. Absolute values of pharmacokinetic parameters K™ (a) and
vp, (b) determined with gadoterate, p846 and p792 for untreated tumors.
A significant difference was observed between K" obtained with p792
compared with K™" obtained with gadoterate (**p < 0.01) or p846
(*p < 0.05). Concerning vy, no statistically significant differences was
observed between contrast agents. An inverse relationship between

MW of contrast agent and K"*" and v,, values was observed.

observed for all GdCAs, but this trend was not statistically signif-
icant (Fig. 4b). CA4 treatment caused a mean K™" decrease of
77.6%, 79.6% and 55.8% for gadoterate, p846 and p792, respec-
tively (Fig. 4a). Thus, the extent of the decrease was less marked
with p792, although the difference was not statistically signifi-
cant compared with the two other agents. The same trend was
observed for v, changes induced by CA4 with the lower reduc-
tion observed for p792 (42.0% of decline; p=0.21), followed by
gadoterate (67.8%; p=0.16) and p846 (90.6%; p =0.08) (Fig. 4b).
Immunohistochemistry revealed a decrease of 71.4% of the vas-
cular perfusion marker Hoechst 33342 (Fig. 4c) in the treated
group compared with the control group. No change was ob-
served in vascular density assessed by CD31 antibody after treat-
ment (Fig. 4d).

Figure 5 shows a typical K™" map obtained from an un-
treated and a treated mouse with each contrast agent (Fig. 5a).
Ktrans values were lower in treated compared with untreated
mice for each GACA. A higher proportion of non-perfused pixels
(K™" < 0) was also observed for treated tumors, in particular for
p846 and p792. lllustrative pictures of tumor sections stained
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with CD31 antibody and Hoechst 33342 are shown for an
untreated (Fig. 5b) and a treated mouse (Fig. 5¢). Treated tumors
showed less perfused vessels (assessed with Hoechst 33342,
administered 2 min before sacrifice) compared with untreated
tumors. Concerning the vascular density (assessed with CD31
antibody), no difference between treated and untreated tumors
was observed.

T,-weighted images from iliac arteries/veins before, 28 s after
and ~90ss after the GdCA injection are shown on Fig. S1, added
in Supplementary material. The susceptibility effects are visible
as a darkening of the iliac arteries/veins just after the GdCA injec-
tion, corresponding to the dip in magnitude signal.

Examples of fitting of pixel tissue concentration curves for an
untreated mouse of each contrast agent are shown on Fig. S2,
added as Supplementary material.

DISCUSSION

Ultra-high-field MRI provides greater SNR and consequently a
possible reduction of acquisition time for higher-resolution scan-
ning. Therefore, we can obtain high DCE-MRI temporal resolution
while maintaining adequate spatial resolution, providing a pow-
erful tool to monitor the early effects of VDAs in mouse tumors.
In this study, we demonstrated the feasibility of DCE-MRI at
11.7T to assess tumor hemodynamics of mice. The method
allowed monitoring of an early tumor response to an acute treat-
ment of CA4 (100 mg/kg), by determining pharmacokinetic pa-
rameters K™" and v, of untreated and treated tumors with
the ETM. The comparison of the value of three GdCAs of increas-
ing MW (Gadoterate, p846 and p792) in the monitoring of CA4
activity was also performed.

Feasibility of DCE-MRI at 11.7 T

For quantitative DCE-MRI, the AIF, defined as the time-dependent
GdCA concentration in the vessels feeding the tumor, should be

(p=0.16) (p=0.08)  (p=0.21)
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Figure 4. Relative changes of K™ (a) and v, (b) between untreated and treated tumors for gadoterate (white bars), p846 (grey bars) and p792 (black
bars). A smaller decline of K™" and vp was observed for the highest MW GACA p792 compared with gadoterate and p846, although this was not sta-
tistically significant. Relative decreases of Hoechst (c) and CD31 (d) staining between untreated and treated tumors. A significant decrease of perfusion
marker was observed in the treated group compared with the control group. No difference was observed in vascular density assessed by CD31.
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Figure 5. (a) lllustration of a typical K

mice compared with untreated mice. A higher proportion of non-perfused pixels (K
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map obtained from an untreated and a treated mouse with each GdCa. K
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t
" values were lower in treated

f2"* < 0) was also observed in treated mice. (b-c) Representative

pictures of tumor sections from an untreated mouse (b) and a treated mouse (c) stained with CD31 antibody for endothelial cells (red). The perfusion
marker Hoechst 33342 (blue) was injected 2 min before sacrifice. The CA4 effects were clearly visualized by a less presence of perfused vessels in treated
tumors compared with untreated tumors. No difference was observed for vascular density.

measured accurately. Measurement of the AIF is quite challeng-
ing at 11.7 T due to increased T,* susceptibility effects, particu-
larly in blood vessels immediately after the bolus contrast
injection, where the GdCA concentration is high. Consequently,
with magnitude imaging, a signal drop in the arteries was ob-
served after the administration of each GdCA (Fig. 1 and Fig. S1).
Recently, we suggested the use of phase imaging as an alternative
to magnitude imaging for AIF measurements when using
gadoterate at 11.7T (12). In the present study, we extended this
method to the two other GdCAs, namely p846 and p792. Using
phase imaging, it was possible to measure the AIF from the iliac
artery/vein (the distinction between artery and vein was not easily
feasible). As shown in Fig. 1, we observed a bi-exponential profile
similar to those previously described in mice for gadoterate (32)
and for p846 (19). The mono-exponential decay observed for

p792 is also consistent with results previously described (33). The
C, value obtained with gadoterate (4.7 + 1.9 mM) is close to that
reported by Vautier et al. (34) in the left ventricle of mice with a
similar dose (3.4+1.1 mM; 0.3 mmol/kg). Moreover, Heilmann
et al. reported a peak AIF concentration of 8.0+2.7mM using
a~two-fold dose of gadoterate in the heart of nude mice
(0.6 mmol/kg). The mean C, value determined with the contrast
agent p846 (4.2+2.2mM) is slightly higher than that obtained
by Loveless et al. (~1.5mM which was obtained with the half
of our dose). The same observation can be made for p792
(5.5+1.4mM) compared with the Bradley et al. study [peak
concentration of 1.15£0.18 mM in the left ventricle using a
three-fold-lower dose (35)].

Although in agreement with literature data, the mean peak
plasma concentration determined for gadoterate is smaller than
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that previously found in our lab in the same mouse strain
(4.7 £1.9 mM versus 8.0 £ 0.6 mM) (12). We also observed a larger
standard deviation. It confirmed the difficulties of AIF measure-
ment with phase imaging in iliac artery owing to phase’s angle
dependence. The iliac artery is oriented at about 30° with respect
to BO demanding special care of the position of the mice in the
magnet. Indeed, the inter-individual variation in iliac artery
angulation was not taken into account for the C, calculation.
Moreover, a model taking into account geometrical information
and shape factors should be used to deal with the curvature
and bifurcations of the artery (36).

Moreover, for gadoterate and p846, in some mice, there is an
apparent drop below 0 on late points of the C, curve (Fig. 1d-e).
This could be due to a difficult correction of the background
phase for the AIF for these GdCAs. Indeed, in our recent study
on AIF measurement using gadoterate (12), and as previously
outlined by Garpebring (37), we conjectured that the presence
of low concentrations of GdCA in the background ROI selected
could lead to an excessive correction of the phase drift.

Comparison of K" and v,, obtained in TLT tumors with the
three contrast agents

Using individual AlFs, the tissue concentration curves were fitted
with the ETM to generate K™" and v,, values. K™" represents
the rate of transfer of the GdCA from the blood to the EES and
depends on the balance between capillary permeability and
blood flow in the tumor (30). If the delivery of the GdCA to a
tissue is insufficient (flow-limited cases or where vascular perme-
ability is greater than inflow), perfusion dominates the GdCA
behavior, and K"™" is equal to the blood plasma flow per unit
volume of tissue (F,). In contrast, when tissue contrast delivery
is ample (permeability-limited cases), K™ is equivalent to the
product of the permeability and surface area [permeability sur-
face area product (PS)] (2,30,38). In tumors, a mixed flow- and
PS-limited case is often considered (30). However, several groups
have reported that K"™"* measured with low-MW GdCAs is dom-
inated by perfusion whereas PS is the dominant factor when
K" is measured with high-MW GdCAs (15,16,33,39). Indeed,
the MW of the GACA affects its permeability across the capillary
membrane, explaining the inverse relationship observed be-
tween MW of the GdCAs and K™ values (Fig. 3a). The same ob-
servation was made by Delrue et al. in a pancreatic tumor model
(39). Gadoterate, the smallest GACA tested in the present study,
can diffuse from the intravascular space into the EES of normal
tissues (with the exception of the brain) but can diffuse more
easily into the EES of tumors (due to greater permeability).
P846 and p792 are considered blood pool agents as they remain
within the intravascular compartment for a longer period (40).
p846 (3.5kDa) can diffuse through the endothelium but at a
slower rate than gadoterate. The highest MW GdCA p792
(6.5 kDa) has limited diffusion across the normal vascular endo-
thelium and thus a preferential accumulation within the tumor
owing to the increased capillary permeability (23). Referring to
literature, our mean K™ values determined with gadoterate
and p846 turned out to be higher than those reported by Delrue
et al. (39) (0.17 and 0.074 min™", respectively) in mouse pancre-
atic tumors. For p792, there is no significant difference with the
Delrue et al. (0.016 min™') and Weidensteiner et al. (averaged me-
dian K™ of 0.015min"") studies (33). Although these studies
used ETM, it is hard to compare with our work due to the
different ways the AIF was measured.

The parameter v, represents the blood plasma volume per
unit volume of tissue (30) (or ‘fractional plasma volume’). We ob-
served an inverse relationship between the MW of the GdCAs
and the v, values in untreated tumors (Fig. 3b). Several papers
in the literature have shown that low MW GdCAs are less
adapted to enable accurate estimation of blood volume owing
to their rapid extravasation rate into the EES, leading to an over-
estimation of v, values (3,1541,42). The high leakage rate
renders the fitting more difficult as the vascular and leakage
phase cannot be separated (33). It can in part explain the high
values found for v, determined with gadoterate (560 Da;
Vp=0.33+0.13) and p846 (3.5 kDa; v,=0.16+0.06). Indeed, mi-
crovascular density assessed by CD31 staining of endothelial
cells has revealed a vascular density of 3.3+0.9% in TLT
hepatocarcinoma. De Lussanet et al. reported a sharp decrease
in v, values determined with GdCAs of 3.0- and 12-kDa, suggest-
ing a possible threshold for the intravascular compartmentaliza-
tion of the GACA, further allowing a better estimation of the
fractional plasma volume. This is consistent with the large v, dif-
ference we observed between p846 (3.5kDa; v,=0.16+0.06)
and p792 (6.5 kDa; v, =0.014 +0.003). The low values we found
for v, determined with p792 are consistent with the weak perfu-
sion of the TLT hepatocarcinoma model (43) and are similar to
the vascular density determined in the immunochemistry study
(3.3%). Moreover, a study of Turetschek et al. in experimental
breast tumors (44) reported that fractional plasma volumes
determined using p792 were not significantly different than
those determined using albumin-(Gd-DTPA)*°, a GACA which
has proven to be successful in the accurate estimation of tissue
plasma volume (45).

Another explanation of these high gadoterate and p846 v,
values could arise from the pharmacokinetic model used.
Sourbron and Buckley reported that this model is valid only in
highly perfused tissues and in weakly vascularized tissues with
a well-mixed interstitium (27). Moreover, they reported that even
in the case of a correct fitting of tissue concentration curves, the
measured parameter values could be different from the actual
values (46). In our study, the fitting of concentration-time curves
was not perfect for some pixels of the tumor (Fig. S2). The vascu-
lar volume is considered as a shunt in the ETM (13). A four
parameter model in which plasma and interstitial volumes are
modeled as both compartments should be used as comparison,
e.g. the two-compartment exchange model (2CXM). Actually, the
ETM is a simplification of the 2CXM, by assuming that the mean
plasma transit time is negligible (47).

Value of the 3 GdCAs to monitor the effect of CA4

Whatever the GdCA used, DCE-MRI allowed the detection of
early effects of an acute CA4 treatment on tumor vasculature,
as shown in Figure 2. Enhancement curves displayed a smaller
enhancement and a slower washout in each CA4-treated group
compared with untreated groups. As shown in Figure 4, the
pharmacokinetic modeling confirmed the profound changes
induced by CA4 on tumor hemodynamics, as reflected by the
significant decrease of K™" observed between control and
treated groups for each GdCA. Although caution should be taken
in the physiological interpretation of K™", the K"™" changes
observed in our study are probably related to tumor blood flow
changes, as supported by the immunohistochemistry experi-
ment. Indeed, the decrease of K™" of gadoterate (77.6%) and
p846 (79.6%) observed in treated groups compared with control
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groups are closed to the decline of perfusion marker Hoechst
33342 (71.4%) observed in treated group of immunohistochem-
istry study. The early reduction in blood flow induced by CA4 has
been observed in several studies with radioactive tracers (48)
and Hoechst 33342 (49). In addition, Maxwell et al. (10) reported
a strong correlation between tumor blood flow determined by
radiolabeled iodoantipyrine uptake and mean K" values deter-
mined with the small MW contrast agent Gd-DTPA in both un-
treated and treated rat P22 sarcomas. CA4 is also known to
induce a decrease in blood flow concomitant with a permeability
increase (5), so that treatment could cause a shift to a flow-
limited situation (10,50). The smaller decline we observed for
the highest MW GdCA p792 compared with gadoterate and
p846 (Fig. 4) may be as a result of the early increase in perme-
ability induced by CA4 treatment. This is consistent with the
larger importance of permeability to K™"* values for this higher
MW agent compared with smaller MW GdCAs such as gadoterate
and p846. A model allowing separate measures of F, and PS, such
as the 2CXM, is needed to further distinct permeability from
blood flow changes after CA4 treatment.

Concerning the impact of CA4 on the fractional plasma
volume v,,, we observed a trend of decrease for the three GdCAs
although it was not statistically significant. The immunohisto-
chemistry study showed that 2 h after treatment, no effect of
vascular density is shown on TLT model. This confirmed that
due to the high leakage rate of gadoterate, p846 and to a smaller
extent of p792, the observed decrease of v, is confounded by
changes in delivery (perfusion).

Possible limitations of the present study

Our study has potential shortcomings. First of all, susceptibility
effects are increased at high field and the longitudinal relaxivity
r, is decreased for these GdCAs (Table 1). The decrease in r; was
not dramatic for gadoterate, which shows a ~25% decrease at
11.7T compared with 1.5T. However, for the case of p846 and
p792, r; relaxivities were decreased by a factor of 5 and 9,
respectively, at 11.7 T compared with 1.5T. Consequently, we
used higher doses than those commonly used at clinical fields,
which could lead to further accentuated T,* susceptibility effects.
The determination of the AIF using phase imaging was not
problematic as a linear relationship between phase and
gadolinium concentration has been demonstrated, with no
saturation effect (12). However, in tumors, we assumed that
susceptibility effects are negligible because the concentration of
the GdCA is much lower than in blood vessels and, moreover,
the extravasation of the GdCA reduces the susceptibility contrast.
Nevertheless, a correction for T,* dephasing should be included,
as outlined by Ewing and Bagher-Ebadian who showed that T,*
dephasing is a major source of bias in the estimate of CA
concentration-time curves at 7T in brain tumors (51). Moreover,
due to these higher doses, a possible saturation of the signal in
tumor cannot be fully excluded.

Concerning AIF data analysis, in general, the use of automatic
algorithms instead of manual post-processing (for pixel selec-
tion, unwrapping and phase drift correction) could improve the
reliability of the results. In particular, an algorithm partitioning
the background region based on signal intensity to detect
regions less affected by the CA accumulation, as presented by
Garperbring et al. (37), could be useful to avoid excessive correc-
tion of phase drift. The large standard errors observed on vascu-
lar volume fraction measured using gadoterate and p846 could

be explained in part by this difficult correction of background
phase. The smaller error observed for v, determined with p792
is consistent with its preferential accumulation in tumor com-
pared with other tissues (in which the background ROl was
selected). In addition, in some mice, the bi-exponential model
failed to fit the upslope data points of the AIF raw data. As
demonstrated by McGrath et al. (52), the poor fitting by the bi-
exponential model for points on the upslope of the first pass
peak is not very critical to the estimation of K"™" but can affect
Vp. It should also be noted that AIF parameters were extracted
from the first 400 scans and not from the 1h of acquisition.
The estimation of clearance parameters might be affected and
their estimation could be improved by acquiring AIF parameters
on all sampling data. However, in this case, the phase drift could
be further amplified and consequently more difficult to correct.

As previously explained, the pharmacokinetic model used
could, in part, explain the questionable results concerning v,. A
four-parameter model, as 2CXM, could provide more accurate
values of v,, by taking into consideration the mean plasma transit
time. Such a model could also provide separate estimation of F,
and PS potentially visualizing permeability changes induced by
treatment (e.g. masked by the blood flow shutdown). Neverthe-
less, ideally one should determine which of the two models fits
the data better. Indeed, Larsson et al. have shown that the
2CXM failed to fit the data when all four parameters are free
(53). One solution could be to fix the value of at least one param-
eter while varying the other three. However, this approach could
bias the final results (51).

Another assumption of the ETM is that the tracer is well mixed
throughout the compartments. This assumption is not strictly
true over the first pass of the GACA, in regions where the GdCA
has no access (brain and testis) and in tumor regions with high
interstitial fluid pressure. It must also be kept in mind that the
model should be adapted to the pharmacokinetic properties of
the GACA, as outlined by Jaspers et al. (54). Moreover, the trans-
membrane water exchange has not been considered, which
could lead to errors in the calculation of the tissue GdCA concen-
tration (2). The shutter speed model (55) might be able to take
into account this component.

Finally, for calculation of mean values, individual pixel values
of K™ and v, were forced into the range of 0 to 1 to avoid out-
liers affecting the mean. Negative values were set to 0, and high
values (>1) were set to 1. We verified that this forcing did not in-
duce significant bias in the data analysis. The relative changes
observed between control and treated groups were comparable
when high value forcing was not applied (93.3, 90.0 and 55.8% of
decline for K™ determined with gadoterate, p846 and p792, re-
spectively, and 82.1%, 90.8% and 42.0% of decline for v,, deter-
mined with gadoterate, p846 and p792).

CONCLUSIONS

DCE-MRI at 11.7 T is feasible to assess tumor hemodynamics of
mice, in spite of the increase in susceptibility effects and de-
crease in r1 relaxivity of GdCAs at high field. With regard to K",
the three GdCAs (gadoterate, p846, and p792) all worked well for
detecting early vascular effects induced by CA4 in murine tu-
mors. The observed K™ declines are likely related to blood flow
shutdown, as revealed by the separate immunochemistry study.
The smaller decline we observed for the highest MW GdCA
(p792) may be as a result of the early increase in permeability
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induced by CA4 treatment. It suggests that smaller GdCAs
should be more able to highlight the early blood flow shutdown
induced by CA4 treatment, as their K™" is less influenced by
permeability. However, a pharmacokinetic model allowing sepa-
rate measurement of perfusion and permeability changes after
CA4 treatment is needed to corroborate this idea. Besides the
pharmacokinetic modeling, other limitations in quantification
of pharmacokinetic parameters exist in this study, such as non-
correction of T,* effects and non-optimization of phase drift cor-
rection for AIF measurement.
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