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Optimization of a Blood Pool Contrast Agent
Injection Protocol for MR Angiography
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Purpose: To design an ideal ﬁrst-pass proﬁle for MR angiography (MRA) by optimizing a multiphasic injection protocol based on two experimental animal models.
Materials and Methods: An equivalent contrast-enhanced
(CE) MRA injection protocol was developed with controlled
injection modalities (injection rate, volume, and dose) in
rabbits and pigs. P792, a blood pool contrast agent, was
injected in 17 male New Zealand rabbits and ﬁve farm pigs
with variable injection schemes (mono- and multiphasic).
From the gadolinium (Gd) blood concentration data, a simulation of an MR acquisition was performed to evaluate the
impact of such an injection protocol on MR arterial signal
and to select the best injection protocol.
Results: An empirical relationship between the arterial
peak concentration and the injection parameters was found
in the rabbits and pigs, allowing precise prediction of the
ﬁrst-pass proﬁle. Of the four injection scheme strategies
tested (standard bolus and bi-, tri-, and multiphasic injection protocols), the multiphasic “ramp” injection protocol
provided the most optimal contrast agent pharmacokinetics with a durable plateau of concentration.
Conclusion: Ramp injection protocol provides an optimized ﬁrst-pass proﬁle for CE-MRA.
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PARAMAGNETIC CONTRAST AGENTS improve the quality and reproducibility of magnetic resonance angiography (MRA), particularly in terms of signal-to-noise ratio
(SNR) increase, scan time reduction, and ﬂow dependency
(1). Contrast-enhanced (CE) MRA is now a routine clinical
examination for many branches of the vascular tree from
the thoracic aorta to peripheral arteries.
Because of heart and respiratory movements, CEMRA of the coronary arteries requires a drastic de-

crease in blood T1 (2). This can be achieved by the rapid
injection of a large dose of a nonspeciﬁc contrast agent
(NSA), such as gadolinium (Gd)-DOTA or Gd-DTPA.
However, these injection protocols result in a very
sharp bolus with marked T1 variations during the kspace sampling, resulting in image artifacts (3,4). Moreover, the use of NSAs for coronary MRA is already
known to induce myocardial enhancement due to extravasation through the capillary wall, leading to decreased contrast between the coronary arteries and
surrounding myocardial tissue (5,6). In this context,
the ideal bolus proﬁle should be a long plateau with a
constant low T1, without any extravasation into the
myocardium.
The inﬂuence of injection parameters on the bolus
proﬁle has been widely studied in CT (7–13) and MRI
(14 –20). Prediction of the bolus proﬁle is important,
and depends on physiologic factors such as cardiac
output (CO) and patient age, or experimental factors
such as injection rate, contrast agent, and saline ﬂush
volume. Mathematical models have been developed
that mimic the cardiovascular system and integrate
both physiological characteristics and injection parameters (11,13). A good correlation between the ﬁrst-pass
proﬁle predicted by the model and experimental data
obtained in patients was found. With this tool, Bae et al
(9) demonstrated with a standard CT contrast agent
that an optimized injection protocol with multiphasic
injection schemes could provide a constant plateau
during the ﬁrst pass. However, the important extravasation of small Gd chelates during the ﬁrst pass compared to blood pool agents (21) should be a limitation
with multiphasic injection protocols. Therefore, the
aims of this study were to 1) obtain the optimum ﬁrstpass bolus proﬁle with a blood pool contrast agent by
investigating different injection protocols (mono-, bi-,
and multiphasic) in two different species (rabbit and
pig), and 2) evaluate the impact of such injection protocols on the MR blood signal.
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MATERIALS AND METHODS
Products
P792 (gadomelitol, Vistarem®; Guerbet, Roissy, France)
is a high-relaxivity, mono-Gd rapid clearance blood
pool contrast agent (RCBPA). This contrast agent has a
high molecular volume (5 nm diameter vs. 0.9 nm for
conventional NSAs), which drastically decreases its rate
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Table 1
Injection Modalities for Rabbit Studies
Rabbit
number

Product
(Dose, mmol/kg)

1
2
3
4
5, 6, 7
8, 9, 10
11, 12, 13
14, 15

Gd-DOTA (0.3)
Gd-DOTA (0.3)
Gd-DOTA (0.3)
Gd-DOTA (0.3)
Gd-DOTA (0.1)
P792 (0.013)
P792 (0.013)
P792 (0.014)

16, 17

P792 (0.0175)

Injection rate (mL/s)

Volume (mL)

Total
Duration (s)

0.5
0.25
0.13
0.08
0.5
0.5
0.2
Dose/3 at 0.3 mL/s ⫹ dose/3 at 0.15
mL/s ⫹ dose/3 at 0.05 mL/s
Decreasing injection rate from 0.25 mL/s
(4s) to 0.015 mL/s in 30 sec

0.6
0.6
0.6
0.6
0.5
1.1
1.3
3.6

1.2
2.4
4.6
7.5
1
2.2
6.5
36

4.5

30

of extraction by slowing diffusion through the capillaries (22–24). In addition to this blood pool property, P792
is rapidly cleared by the kidneys. In this study, P792
was tested at 0.013– 0.026 mmol Gd/kg with different
injection schemes. Gd-DOTA (Dotarem®; Guerbet), a
conventional NSA, was used at 0.1– 0.3 mmol Gd/kg as
the reference product.

ond. The Gd concentration of these blood samples was
measured using an inductively coupled plasma atomic
emission spectrometer (ICP-AES). In the case of multiple injections in the same animal, the Gd concentration
was corrected by subtracting the residual baseline Gd
concentration.
Monophase Injection Schemes

Animal Preparation
All of the animal experiments were performed in compliance with the EEC directive (86/609/EEC) on animal welfare. Seventeen male New Zealand rabbits
(mean weight ⫽ 3 kg; Wiss Gérard, Saintes Savine,
France) and ﬁve farm pigs (mean weight ⫽ 30 kg; Earl
de Frenelle, Charles River, France) were studied using
variable injection schemes. All experiments were carried out under general anesthesia. For the rabbits, this
was performed by intramuscular injection of ketamine
50 mg/kg and xylazine 0.5 mL/kg. For the pigs, after
premedication by intramuscular injection of atropine
0.04 mg/kg, ketamine 12 mg/kg and droperidol 0.4
mg/kg, general anesthesia was obtained by inhalation
of 0.5–2% of isoﬂurane (Forene®) mixed with O2 (0.6
liter/minute) and N2O (0.8 liter/minute). Assisted respiration (8 liter/minute) in the pigs was performed at a
rate of 14 cycles/minute with a respirator (Minerve
Alpha 100). The marginal ear vein in the rabbits and the
jugular vein in the pigs were catheterized for contrast
media injection. The pigs were perfused with glucose
5% (30 mL/hour) to compensate for blood volume depletion induced by sampling.

Experiments were performed with a conventional bolus
injection of a standard NSA to compare the two species
and the two products. First, 0.1 or 0.3 mmol Gd/kg of
Gd-DOTA was injected at different injection rates in
each species. The injection rates were chosen with respect to the differences in the COs of the two species
compared to humans (CO ⫽ ⬃0.8 ⫾ 0.2 liter/minute in
rabbits, ⬃3.1 ⫾ 0.9 liter/minute in pigs (25), and
⬃6.5 ⫾ 0.5 liter/minute in humans (26)). Second, GdDOTA and P792 pharmacokinetics were compared for
one minute in rabbits after injection at 0.5 mL/second
of 0.1 mmol Gd/kg and 0.013 mmol Gd/kg, respectively.
Multiphase Injection Schemes
Biphasic, triphasic, and ramp injection protocols were
achieved in rabbits and pigs. Assuming that a high and
durable contrast agent concentration during the ﬁrst
pass is favorable for extravasation, we only investigated
multiphase injection schemes with P792, which was
selected for its limited extravasation.
All of the injection modalities used in this study are
summarized in Tables 1 and 2.

Injection Protocol and Blood Gd Concentration
Measurements

Empirical Correlation

A rapid blood-sampling model, which was initially developed in the rabbit (14), was used in the rabbit and
pig to evaluate the experimental parameters governing
the bolus phase. With this model we tested P792, using
Gd-DOTA as the reference product. An equivalent CEMRA injection protocol was achieved with controlled
injection modalities (injection rate, volume, and dose)
in rabbits and pigs. Injections were performed with automatic injectors (Prolabo SAGE® M362 for rabbits,
and Angiomat®3000 for pigs). Blood samples (300 L)
were continuously withdrawn from the femoral artery
over 45– 60 seconds with a time resolution of ⬃1 sec-

In addition, all the data produced in our laboratory in
these animal models, including data beyond the scope
of this study, were analyzed empirically to ﬁnd a potential correlation between the injection parameters (injection rate, contrast media concentration, injection duration, etc.), the species (rabbit and pig), and the ﬁrstpass proﬁle. Therefore, the maximum concentration
(Cmax) was measured for 40 ﬁrst-pass experiments in
rabbits (25 Gd-DOTA injections and 15 P792 injections)
and 21 ﬁrst-pass experiments in pigs (11 Gd-DOTA
injections and 10 P792 injections). These experiments
were performed with variable injection schemes (i.e.,
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Table 2
Injection Modalities for Pig Studies
Pig
number

Injection
order

Product (Dose,
mmol/kg)

1
1
1
1
2
2
2

1
2
3
4
3
4
5

Gd-DOTA (0.1)
Gd-DOTA (0.1)
Gd-DOTA (0.1)
Gd-DOTA (0.1)
P792 (0.013)
P792 (0.013)
P792 (0.026)

2
3, 4, 5

6
1

Gd-DOTA (0.1)
P792 (0.013)

Injection rate (mL/s)

Volume
(mL)

Total
Duration
(s)

6
6
6
6
12
12
24

3
6
12
30
34
36
30

6
11

6
11

2
1
0.5
0.2
2 mL/s (1s) then 0.3 mL/s
1 mL/s (6s) then 0.2 mL/s
1 mL/s (during 8 sec) followed by a
constant decrease from 1 to 0.5
mL/s
1
1

variable dosages and injection rates) to obtain multiple
time-resolved arterial proﬁles. Since Cmax was considered to be independent of the size of the contrast agent
(14), the two compounds (P792 and Gd-DOTA) were
included indifferently in the analysis.
Modelization of the First-Pass Pharmacokinetics
The ﬁrst-pass pharmacokinetics of the contrast agent
were simulated according to the compartmental model
proposed by Bae et al (9). This model gives a good
approximation of the aortic concentration proﬁle following an intravenous injection (Fig. 1). Equations were
solved numerically with Matlab® software (MathWorks,
Inc.) for a given injection rate protocol. We investigated
the validity of this pharmacokinetic simulation in our
animal models by comparing the prediction of arterial
concentration with experimental data obtained using
the different injection protocols in the two animal species.

Simulation of the First-Pass MR Signal
Using these concentration data simulations and the
P792 relaxivity constants, we calculated the steadystate MR signal intensity for a standard spoiled gradient-echo sequence at each time-point of the pharmacokinetic proﬁle according to:
M xy
M0
1 ⫺ e ⫺TR冉 T10 ⫹ r1䡠[Gd]冊
1

⫽

1 ⫺ cos(␣)䡠e

⫺TR

冉

1
⫹ r1䡠[Gd]
T10

䡠 sin(␣)䡠e ⫺ ␤ 冉 T20 ⫹ r2䡠[Gd]冊
TE

冊

1

(1)
T1 and T2 values over the entire pharmacokinetic
proﬁle were calculated with the formula 1/T1,2 ⫽
1/T10,20 ⫹ r1,2 ⫻ [Gd] (T10/T20 ⫽ 1200/200 msec for
blood, r1/r2 ⫽ 29/65 s–1.mM–1 at 60 MHz, 37°C in 4%

Figure 1. Modelization of the arterial ﬁrst pass (from Ref. 9). Cc corresponds to the concentration of the injected contrast agent;
Cv, Cr, Cp, Cl, and Cs are the concentrations in the peripheral venous compartment, right ventricle, pulmonary circulation, left
ventricle, and systemic circulation, respectively; IR is the volemic injection rate; Qr ⫽ Qp ⫽ Ql ⫽ Qs correspond to the systemic
CO; Qv is the volumetric ﬂow rate of blood leaving the peripheral vein; Vl, Vp, Vr, Vs, and Vv are the volume of blood in the left
heart, blood and interstitial space in the pulmonary compartment, blood in the right heart, blood and interstitial space in the
systemic circulation, and blood in the peripheral vein, respectively. This model hypothesizes that 1) the compartment volumes
are constant with time, 2) the initial conditions are Cv(0) ⫽ Cr(0) ⫽ Cp(0) ⫽ Cl(0) ⫽ Cs(0) ⫽ 0, and 3) the ﬂow rates are equivalent
to the systemic CO Q: Qr ⫽ Qp ⫽ Ql ⫽ Qs ⫽ Q. The concentration time-resolved proﬁle in the arteries corresponds to the
concentration in the left ventricle Cl(t).
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Figure 2. First-pass concentration proﬁle as a function of time in rabbits and pigs after injection of Gd-DOTA (500 mM). The
Cmax/dose at the peak bolus is comparable between the two species when a ratio of 4 between the injection rates is respected.
According to the COs of the two species (CO ⫽ ⬃0.8 liter/minute in rabbits, ⬃4 liter/minute in pigs), a ratio of 5 should be
optimal. a: Bolus injection at 0.3 mmol/kg in rabbits with variable injection rates of 0.08 – 0.5 mL/second. b: Bolus injection at
0.1 mmol/kg in pigs with variable injection rates of 0.2–2 mL/second.

HSA). The sequence parameters were TR/TE ⫽ 5.0/1.5
msec, ﬂip angle ⫽ ␣ ⫽ 30°, N ⫽ 512 phase-encoding
steps. With 32 slices, this MR protocol would result in
an acquisition time of 82 seconds. Considering that a
low TE minimizes the susceptibility artifacts, T2* effects
were assumed to be proportional by a factor of ␤ ⫽ 0.85
to T2 (17).
RESULTS
Monophase Injection Schemes
The bolus proﬁles were comparable between the two
species (Fig. 2), as expected by the choice of injection
rates. The increase in the injection rate (keeping dose
and injected volume constant) increases the bolus peak
(Cmax) in pigs as well as in rabbits, and decreases the
time necessary to reach the maximum concentration.
With a monophase injection scheme, the bolus phase
(sharp peak) and postbolus phase (exponential decrease) occurred at different time windows (Fig. 2). The
ﬁrst-pass concentration increases are identical for both
contrast agents in the arterial system (⬃⫹570%) leading to a ⬃30 msec blood T1 (Table 3). However, one
minute after injection, 85% ⫾ 8% of the injected P792
remains in the blood pool, compared to only 37% ⫾ 2%
for Gd-DOTA (Table 3).

Prediction of the Cmax by Empirical Correlation
All of the data obtained in our laboratory were compiled
in this ﬁrst-pass Gd measurement model. An empirical
relation between the injection conditions and the maximum concentration at the peak bolus was calculated
for each species. There is a strong linear relation between the maximum concentration at the peak bolus
and a hybrid parameter constituted by the injection
rate and the concentration of the injected solution. Linear regression was calculated between Q␥, which corresponds to the quantity of contrast media injected
during the ﬁrst ␥ seconds of the injection protocol, and
Cmax. Using this empirical model, Cmax is linearly correlated with the quantity of contrast agent injected in the
ﬁrst ␥ ⫽ 4 seconds in rabbits, and the ﬁrst ␥ ⫽ 7
seconds in pigs (Fig. 3).
Multiphase Injection Schemes
The multiphase injection scheme improves the pharmacokinetic proﬁles in rabbits (Fig. 4b) and pigs (Fig.
5b and c) according to the targeted concentration plateau. After the bolus phase, the concentration of contrast agent is higher than that in a monophase injection
protocol, but the plateau is not achieved. However,
when a constant decreased injection scheme is used,

Table 3
Concentration and T1 Results after bolus injection of 0.1 mmol/kg of Gd-DOTA on 0.013 mmol/kg of P792. C0 is calculated as the
resulting concentration if the whole dose was instantaneously diluted in the blood volume (60mL/kg).

Bolus

Post bolus

Cmax (mM)
T1(peak) (ms)
Cmax/C0 (%)
C60s (mM)
T1(60s) (ms)
C60s/C0 (%)

Gd-DOTA

P792

9.5 ⫾ 0.4
29 ⫾ 2
573 ⫾ 26
0.77 ⫾ 0.05
340 ⫾ 10
37 ⫾ 2

1.4 ⫾ 0.2
24 ⫾ 3
565 ⫾ 69
0.24 ⫾ 0.01
143 ⫾ 9
85 ⫾ 8
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Figure 3. Correlation in rabbits and pigs between the quantity Q␥ of molecules injected in the ﬁrst ␥ seconds and the maximum
concentration Cmax observed in the arterial compartment during the bolus. a: Correlation coefﬁcient R2 (between Cmax and Q␥)
as a function of ␥: determination of the ␥ delay optimizing the Cmax prediction. b: Correlation between the quantity of molecules
injected in the ﬁrst ␥ seconds and the maximum concentration.

there is a compensation for the clearance of the product, and plateaus in the rabbit (Fig. 4c) and in the pig
(Fig. 5d) are achieved. The ramp protocol in the pig was
designed with the empirical correlation coefﬁcient
found previously (Fig. 3): a ﬁrst short bolus phase is
added prior to the ramp protocol to reach the arterial
concentration at the required level (T1 ⫽ ⬍100 msec).
An increase in the dose (from 0.013 to 0.026 mmol
Gd/kg in pigs, and from 0.014 to 0.0175 mmol Gd/kg
in rabbits) is therefore necessary for this injection protocol to reach the targeted T1. The calculated T1 is
therefore ⬍80 msec for ⬎20 seconds in rabbits, and
⬍100 msec for 40 seconds in pigs with P792 (Fig. 6).
Therefore, in the two species the ramp injection scheme
(i.e., injection with a constant decrease in the injection
rate) provides a long plateau with a durable low blood
T1.
Simulation of First-Pass Pharmacokinetics
All of the injection schemes are well correlated with the
mathematical simulation of the ﬁrst pass for both species (Figs. 4 and 5). Constants of the model were adjusted with respect to the range of published physiological pig data (3,26,27). A time delay of 7 seconds in the
pig and 5 seconds in the rabbit was necessary to ﬁt the
model to the experimental data.
Impact on the MR Signal
In a standard bolus injection protocol, the maximum
concentration at the peak bolus (Cmax) differs between
the two products in the range of the injected doses
(Table 3). As a direct consequence, expressed in T1,
high relaxivity of P792 injected at 0.013 mmol Gd/kg
leads to an equivalent T1 decrease down to ⬃30 msec
compared to Gd-DOTA injected at 0.1 mmol Gd/kg
(Table 3).
In the ramp injection protocol, the strong and stable
reduction in the blood T1 (Fig. 6a and b) will lead to a
long and durable MR signal enhancement, whereas the
standard injection rate scheme at the same dosages
would result in a high but variable enhancement in

both species (Fig. 7a and b). A simulation of a bolus
protocol at the high dosage was added to the graph to
facilitate comparison between the different injection
protocols.
DISCUSSION
These rabbit and pig experiments demonstrate that the
choice of adapted injection rates with respect to the
difference in COs makes the bolus proﬁles very comparable between the two species (Fig. 2). The reproducibility of this model between species suggests that the
results could be extrapolated to humans. They also
show the lower extravasation of P792 during the ﬁrst
minute postinjection compared to Gd-DOTA. This indicates that a blood pool agent such as P792 is well
adapted to an imaging window higher than 15–20 seconds, thanks to limited extravasation.
From this model, we found an empirical correlation
between both species that gives the maximum concentration at the peak bolus as a function of the injection
conditions (Fig. 3). This simple linear and reproducible
relation provides an important guideline for injection
rate and dose optimization. We can now distinguish two
phases in the injection scheme: the “bolus” phase,
which corresponds to the part of the product dose injected before the ␥ value of the considered species (4
seconds for rabbit, 7 seconds for pigs), and the “infusion” phase, which is all the remaining product injected
subsequently. The bolus phase can be considered as a
“loading” period during which the injected dose generates the level of the ﬁrst pass and deﬁnes the arterial
peak concentration (Cmax). After that, the remaining
contrast agent administered deﬁnes the infusion period, which in turn governs the plateau duration. In
other words, reaching a targeted Cmax depends on the
dose, the injection rate, and the initial contrast agent
concentration via the quantity injected in the ﬁrst ␥
seconds. Using this empirical model, the quantity
needed during the “bolus loading phase” to achieve the
targeted peak concentration can be predicted. For example, a targeted Cmax of 0.5 mM in pigs with P792
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Figure 4. First-pass concentration proﬁle as a function of time
in rabbits after injection of P792 (a and b: 13 mol/kg; c: 17.5
mol/kg). Fitted input data: rabbit CO ⫽ 6.0 mL/second, Vs ⫽
56.8 mL/kg, Qv ⫽ 0.92 mL/second, Cs ⫽ 35 mM (a) and 11.6
mM (b and c), Vv/Vd/Vp/Vg ⫽ 0.5/3.3/7.9/3.3 mL. An added
delay of 5 seconds for the simulated protocol was necessary to ﬁt
the curve in the time axis. a: Bolus injection of P792 (35 mM): 0.2
mL/second over 6.5 seconds. b: Biphasic injection protocol of
P792 (11.6 mM): 0.3 mL/second over 4 seconds, followed by 0.15
mL/second over 8 seconds, followed by 0.05 mL/second over 24
seconds. c: Ramp injection protocol of P792 (11.6 mM): 0.25
mL/second over 4 seconds followed by a ramp of constant decrease from 0.25 to 0.017 mL/second in 2-second steps.

Robert et al.

(corresponding to T1 ⫽ 65 msec, with r1 ⫽ 29 s–1.mM–1
and T10 ⫽ 1.2 seconds) would require an injection of
224 moles of Gd in the ﬁrst 7 seconds, leading to an
injection rate of IR ⫽ 32 mol Gd/second ⫽ 0.9 mL/
second (Fig. 5a). The remaining contrast agent would
extend the bolus shape, but would not increase the
Cmax.
This empirical relationship between Cmax and the injection parameters was used as a tool for designing an
optimal injection protocol. We ﬁrst showed that a
monophasic injection rate induces a sharp, short ﬁrstpass proﬁle, which is not well adapted to an MR examination (3). By decreasing the injection rate, we found
that a slow, monophasic injection scheme induces a
ﬁrst-pass proﬁle that is ﬂatter than that obtained with
a rapid injection rate, but rises slightly (Fig. 2). This
result is consistent with previous works (28,29) and
suggests that the contrast agent dose is not distributed
evenly over the duration of the injection. This nonlinear
relationship was also demonstrated in a previous study
in humans, where it was observed that an injection rate
higher than 8 mL/second does not lead to a signiﬁcantly greater degree of enhancement in the arterial
system (7). This can be explained by the buffer effect of
the lung. To resolve this, as proposed by Hittmair et al
(8) for X-ray imaging, we tested bi- and triphasic injection schemes. Although this improves the ﬁrst-pass
concentration proﬁle, it still gives a variable arterial
curve that is very sensitive to the two or three phase
steps. Finally, we demonstrated that a plateau of concentration can be achieved by progressive modulation
of the injection rate in rabbits and pigs. The ramp injection protocol results in a constant and high concentration of contrast agent during the ﬁrst pass. To reach
the targeted T1 in the arterial compartment, this multiphasic injection scheme requires a minimal P792 dose
of 0.026 mmol Gd/kg, which represents a fourfold
lower Gd dosage compared to standard NSAs.
Previous patient studies have shown that prediction
of the bolus proﬁle is important for human applications
(15). To address this issue in the current study, we used
the model proposed by Bae et al (9) for an approximation of ﬁrst-pass pharmacokinetics. This linear multicompartmental model is in good agreement with our
experimental data. Adjustments of the ﬂow constants
and compartment volumes were necessary to ﬁt the
experimental data. Under our conditions, the ﬁtted values for animal physiological constants were found in
the range of published data (9,25,27). Additional delays
of 5 seconds in rabbits and 7 seconds in pigs were
necessary to adjust the time axis, probably because of
the long distance between the injection site (ear vein for
rabbit and jugular vein for pig) and the sample collection site (femoral artery). However, this model cannot
give an analytical equation for predicting the ␥ value in
each species. Indeed, it is not possible to model the
nonlinear phenomenon we observed in rabbits and pigs
(i.e., proportionality between Cmax and the quantity injected during the ␥ ﬁrst seconds) with the theoretical
model of ﬁrst-pass pharmacokinetics, which is linear.
The Bae et al (9) model describes the evolution of concentrations in the various compartments using ﬁrstorder differential equations. With this type of model, the
higher the dose injected, the greater the arterial peak

Optimization of Injection Protocol for MRA

617

Figure 5. First-pass concentration proﬁle as a function of time in pigs after injection of P792 (a– c: 13 mol/kg; d: 26 mol/kg).
Fitted input data: pig CO ⫽ 64.8 mL/second, Vs ⫽ 63 mL/kg27, Qv ⫽ 4.2 mL/second, Cs ⫽ 35 mM, Vv/Vd/Vp/Vg ⫽
14.4/60.4/145/60.4 mL. An added delay of 7 seconds for the simulated protocol was necessary to ﬁt the curve in the time axis.
a: Bolus injection of P792: IR ⫽ 1 mL/second over 11 seconds. b: Biphasic injection protocol of P792: IR ⫽ 1 mL/second over
6 seconds, then 0.2 mL/second over 30 seconds. c: Biphasic injection protocol of P792: IR ⫽ 2 mL/second over 1 seconds, then
0.3 mL/second over 33 seconds. d: Ramp injection protocol of P792: IR ⫽ 1 mL/second over 8 seconds followed by a ramp of
progressive decrease of 1– 0.5 mL/second in 22 seconds.

Figure 6. Calculated arterial ﬁrst-pass T1 in (a) rabbits and (b) pigs for a bolus or a ramp protocol with P792.
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Figure 7. Modelized arterial ﬁrst-pass MR signal in (a) rabbit and (b) pig after i.v. injection of P792. A FLASH T1-weighted
sequence was used for signal calculation (TR/TE/␣ ⫽ 5.0 msec/1.5 msec/30°, T10/T20 ⫽ 1.2/0.2 seconds, r1/r2 ⫽ 29/65mM–
–1
1.s ). A simulation of a bolus protocol at the high dosage was added to the graphs to facilitate comparison between the different
injection protocols.

concentration. Therefore, it cannot predict the optimum injection rate and duration, which would provide
the maximal arterial concentration.
However, in our work we did not evaluate the impact
of such an injection protocol on the venous proﬁle. It
has been reported that one of the major drawbacks of
blood pool agents in MRA is the venous overlay induced
by such agents (1). With this ramp protocol, we
achieved a constant low T1 for more than 30 seconds.
In the arterial curves obtained in pigs, the second pass
of the contrast agent is clearly depicted in the arterial
system, occurring around 15 seconds after the ﬁrst
pass (Fig. 7b). As a consequence, venous enhancement
must occur during the 30-second period of the optimized arterial proﬁle. This could be a limitation for
some territories in which arteries and veins are closed
(e.g., the peripheral system), but not for coronaries,
where venous overlay has not been reported (30).
Previous studies have shown that the contrast-tonoise ratio (CNR) provided by blood pool contrast
agents remains high between the vessels and surrounding tissue for several minutes (5). This result suggests that matching the center k-space acquisition with
the ﬁrst pass is not so crucial to achieve a good CNR
between the vessel and surrounding tissue. Simultaneously, spatial resolution suffers from a low SNR during the peripheral part of the bolus (31). In this context,
high frequencies of the k-space would beneﬁt from being acquired during a high contrast between the vessel
and the surrounding tissue. Zheng et al (19) demonstrated that the slow infusion rate of a nonspeciﬁc extracellular contrast agent may improve the SNR and the
boundary deﬁnition of small vessels. Therefore, we suggest that reversed spiral imaging matched with the bolus arrival, as originally developed to optimize T2*
weighting (32,33), may be a way to achieve very high
spatial resolution. This hypothesis has been validated
in our laboratory by computer simulations (unpublished data).
In conclusion, CE-MRA is currently performed with
the use of clinically approved NSAs; however, the dis-

advantage of these small molecules is that they extravasate massively within the surrounding tissues, leading
to a decrease in contrast. It has been demonstrated that
the use of blood pool contrast agents does not have
these limitations. Taking advantage of the blood pool
properties of P792 and its high relaxivity is the key to
strongly decreasing the blood T1 without increasing the
surrounding tissue signal. This prolonged low T1 imaging window could provide high signal intensity (T1 ⬍
80 –100 msec (2,34)) in the blood for more than 30
seconds. Our results in animals demonstrate that it is
possible to optimize the acquisition scheme to obtain a
high signal in the blood during a large part of the kspace ﬁlling.
This approach makes P792 a promising blood pool
contrast agent for CE-MRA and particularly coronary
MRI, both of which require high contrast and resolution.
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