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Abstract
Objectives Time-resolved contrast-enhanced MR angiog-
raphy (4D-MRA), which allows the simultaneous visuali-
zation of the vasculature and blood-flow dynamics, is
widely used in clinical routine. In this study, the impact
of two different contrast agent injection methods on 4D-
MRA was examined in a controlled, standardized setting
in an animal model.
Methods Six anesthetized Goettingen minipigs underwent
two identical 4D-MRA examinations at 1.5 T in a single
session. The contrast agent (0.1 mmol/kg body weight gad-
obutrol, followed by 20 ml saline) was injected using either
manual injection or an automated injection system. A
quantitative comparison of vascular signal enhancement
and quantitative renal perfusion analyses were performed.
Results Analysis of signal enhancement revealed higher
peak enhancements and shorter time to peak intervals for
the automated injection. Significantly different bolus
shapes were found: automated injection resulted in a com-
pact first-pass bolus shape clearly separated from the recir-
culation while manual injection resulted in a disrupted
first-pass bolus with two peaks. In the quantitative perfu-
sion analyses, statistically significant differences in plasma
flow values were found between the injection methods.

Conclusions The results of both qualitative and quantitative
4D-MRA depend on the contrast agent injection method, with
automated injection providing more defined bolus shapes and
more standardized examination protocols.
Key points
• Automated and manual contrast agent injection result in
different bolus shapes in 4D-MRA.

• Manual injection results in an undefined and interrupted
bolus with two peaks.

• Automated injection provides more defined bolus shapes.
• Automated injection can lead to more standardized exami-
nation protocols.
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Introduction

With the introduction and refinement of view-sharing and
keyhole magnetic resonance (MR) imaging techniques,
time-resolved contrast-enhanced (CE) MR angiography (4D-
MRA) sequences that provide both high temporal and high
spatial resolution have become available for use in clinical
routine. Today, 4D-MRA sequences that can cover large im-
aging volumes and visualize the passage of a vascular contrast
agent (CA) over time are available on almost all MR scanner
systems. There are numerous applications for 4D-MRA,
which are related to either vessel pathologies [1] (including
vascular tumors) or (quantitative) perfusion assessment [2]. In
comparison to conventional static 3D-MRA, timing of the
acquisition to obtain maximum arterial enhancement without
venous overlay is far less critical in 4D-MRA [3, 4]. Optimal
arterial phases can be selected retrospectively and
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independently for different vessel regions, which can improve
the diagnostic performance of MRA studies [5]. The addition-
al information regarding flow dynamics has been shown to
improve diagnostic performance and influence therapeutic
decision-making in the context of aortic dissection [6], and
in both diagnosis and therapy planning in vascular
malformations [7] and carotid–cavernous fistulas [8].

Besides the direct visualization of hemodynamics in
vessel-related pathologies, 4D-MRA can be used to calculate
tissue blood flow and other quantitative perfusion parameters.
Different algorithms, of which model-free deconvolution
methods are the most general approaches [9, 10], can be ap-
plied to 4D-MRA datasets to obtain quantitative perfusion
values. Quantitative or semiquantitative information about or-
gan perfusion is of great interest in evaluation of renal [11, 12]
and hepatic [13–15] pathologies, as well as in the assessment
of tumor aggressiveness [16] and therapy response [14, 17,
18], and in the detection of tumor recurrence [19].

CE 4D-MRA is based on the intravenous administration of
a gadolinium-based CA, which can be injected either manu-
ally or by a fully automated injection system. It is reasonable
to assume that quantitative 4D-MRA in particular should be
performed using automated injection. Besides a recent study
assessing the impact of injection method on static MRA [20],
there is no demonstrated or documented 'substantial knowl-
edge' on this topic. However, most of those working in the
field consider intuitively that automated injection can ensure a
standardized and well-controlled injection. Nevertheless, hand
injections are still frequently used for MRA procedures. A
recent German survey revealed that only 62.1% of all MRA
procedures were performed with automated injection [21],
and in the USA, injector systems were found to be used in
72.7% of MRA examinations [22]. Additionally, manual in-
jection is widely used in pediatric imaging, for both conven-
tional and quantitative MRI [23–25]. Previous literature fa-
vors the use of automated injector systems for both MRA
[26] and perfusion imaging applications [27]. However, to
our knowledge, there are no published data showing the ef-
fects of different injection methods on either signal intensity
changes over time in the vascular system or quantitative per-
fusion values in an in-vivo intraindividual comparison. The
aim of this study was to compare fully automated CA admin-
istration with manual injection in 4D-MRA under highly stan-
dardized conditions in an animal model.

Materials and methods

Animals

Six Goettingen minipigs were examined. The animals were
handled in compliance with German animal welfare legisla-
tion and with the approval of the state animal welfare

committee. All studies were performed under general anesthe-
sia induced by intramuscular injection of ketamine (30 mg/kg
body weight; Pharmacia, Karlsruhe, Germany), azaperone (2
mg/kg; Stresnil, Janssen-Cilag, Neuss, Germany) and atropine
(0.025 mg/kg; Eifelfango Chem.-Pharm. Werke, Bad
Neuenahr-Ahrweiler, Germany). After intravenous adminis-
tration of 1.4 mg/kg propofol (Propofol-Lipuro; B. Braun,
Melsungen, Germany) and 1 μg/kg fentanyl (Janssen-Cilag
GmbH, Neuss, Germany), the animals were orally intubated
and mechanically ventilated with an oxygen/air mixture.
Anesthesia was maintained by intravenous injection of
propofol (0.8mg/kg/h) and fentanyl (1μg/kgh). Animals were
placed in a prone position and MRA was performed during
end-expiratory breath-hold. The heart rate was recorded be-
fore each CA administration.

MRA technique

MRI was performed with a clinical 1.5-T MR scanner
(Avanto, Siemens Healthcare GmbH, Erlangen, Germany)
using a spine coil in combination with a body matrix coil.
For the 4D-MRA of the thoracic–abdominal region, a time-
resolved angiography with interleaved stochastic trajecto-
ries (TWIST) sequence was used. Sequence parameters
were: TR/TE/flip angle 2.41 ms/0.87 ms/25°, PAT factor
2 (GRAPPA), TWIST sampling rate A/B 20%/25%, voxel
size 1.7 × 1.7 × 1.7 mm, 25 stacks with a 2-s image update
time (55 s measurement time).

Contrast agent injection protocols

Gadobutrol (Gadovist; Bayer Vital GmbH, Leverkusen,
Germany) was administered at a dosage of 0.1 mmol/kg body
weight intravenously via an ear vein using a 20-gauge access.
The CA injections were followed by a 20-ml saline chaser. To
obtain intraindividual comparisons, each animal received the
two CA injections (automated and manual) in a randomized
order with a resting time for CA wash-out of at least 60 min
between consecutive injections. For manual CA administra-
tion, a saline-prefilled patient tubing set (ProSet, Braun) was
used in combination with a 5-ml syringe (Omnifix, Braun) that
contained the body weight-adapted volume of CA.
Immediately after CA injection, the syringes were changed
and 20 ml saline was administered (Omnifix, 20-ml syringe).
All manual administrations were done by the same experienced
technician, who had performed more than 1,000 hand injec-
tions, and was instructed to administer the injection at a flow
rate of approximately 2 ml/s. Automated injection was per-
formed with a dual-head injection system (MRXperion;
Bayer, Indianola, PA, USA) and a selected flow rate of 2 ml/s
for CA and saline.
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Quantitative analysis of signal enhancement

Quantitative analysis of the signal enhancement over time
(bolus curves) was performed by one experienced reader (28
years experience in preclinical MRI), blinded to the experi-
mental groups on the subtraction images using Mean Curve
software on an external workstation (MMWP; Siemens
Healthcare). Regions of interest (ROIs) were placed in the
ascending aorta, the descending aorta (level of the truncus
pulmonalis), the abdominal aorta (level of the truncus
coeliacus and below the kidneys), the renal arteries and the
inferior vena cava (above the kidneys). The first-pass bolus
peak signal intensity (PSI) and the time to peak (TTP) interval
were determined for each region.

Quantitative perfusion analysis

For the quantitative perfusion analysis, three different perfu-
sion maps, including plasma flow (PF), mean transit time
(MTT) and volume of distribution (VoD), were calculated
using the fast deconvolution approach of the UMMPerfusion
tool (version 1.5.3, running on OsiriX version 5.6; OsiriX
Foundation, Geneva, Switzerland) [28, 29]. This tool uses a
modified version of the model-free deconvolution algorithm
originally proposed by Ostergaard et al. [29, 30]. A linear
relationship between CA concentration and signal intensity
is assumed. The unknown tissue-specific impulse response
function can be derived by numerical deconvolution from
the measured signal intensity–time curves of the tissue and
the feeding artery (arterial input function, AIF) without mak-
ing any additional assumptions concerning the interior struc-
ture of the tissue [31]. The impulse response function can then
be used to obtain additional parameters such as MTT and
VoD. For all calculations, hematocrit was set to 0.45. To gen-
erate the AIF, a ROI was placed in the abdominal aorta at the
level of the renal arteries. Quantitative values were obtained as
mean values over the entire manually segmented kidney vol-
umes. Placement of AIF ROIs and kidney segmentation was
performed by a single radiologist with 4 years experience in
abdominal MRI.

Statistical evaluation

All values are given as means ± standard deviation. For the
analysis of PSI and TTP, a two-way repeated-measures anal-
ysis of variance (ANOVA) with vessel and injection method
as variables was used. The repeated t test was used for statis-
tical comparison of heart rates. A paired t test was used for
comparison of renal perfusion values. The calculations were
performed with GraphPad Prism (GraphPad Software, La
Jolla, CA, USA) using a significance level of 5%.

Results

The MR examination protocol including both 4D-MRA
sequences with (1) manual and (2) injector-based CA
administration was performed successfully in all six an-
imals (one male animal, 40.6 ± 1.0 kg). Representative
MRA images for different time points for both injection
methods are shown in Fig. 1. The animals’ average heart
rate did not differ between the manual and the automated
injection 4D-MRA sequence acquisitions (107.2 ±
7.7 bpm vs. 109.7 ± 9.2 bpm, p = 0.63).

Quantitative analysis of signal enhancement

The time-resolved analysis of the signal enhancement
representing the bolus curve revealed higher PSI in all
assessed anatomical regions for the automated injection com-
pared with manual injection (the mean PSI values are shown
in Table 1). In the statistical analysis, PSI differed significantly
between the injection methods (p < 0.0001), among vessel
regions (p < 0.003) and among subjects (p = 0.003). TTP
was lower for the automated injection method in all vessel
regions (Table 1). Likewise, TTP differed significantly be-
tween the injection method (p = 0.0114) and among vessel
regions (p < 0.0001), but not among subjects (p = 0.27).

Assessment of bolus shapes

Bolus shapes differed significantly between the two injection
methods. Use of the fully automated injection system resulted
in a compact first-pass bolus shape that was clearly separated
from the second-pass bolus, the latter representing CA recir-
culation. With manual injection, the first-pass bolus was
disrupted into two peaks, a dominating first peak, closely
followed by a second peak with lower signal intensity (Fig.
2). This led to a prolonged first-pass bolus filling the gap (i.e.
signal decline) seen between the first and second pass. This
additional peak was seen in all vascular regions investigated.
These differences between the two injection methods were
consistently found in all six animals (Fig. 3).

Quantitative perfusion analysis

In the perfusion analysis, automated injection led to higher
renal PF values (234.5 ± 63.4 ml/100 ml/min for automated
injection vs. 187.8 ± 34.1 ml/100 ml/min for manual injec-
tion, Fig. 4) and lower MTT (9.1 ± 1.4 s for automated injec-
tion vs. 10.2 ± 0.9 s for manual injection), while VoD was the
same for both injection protocols (29.9 ± 6.9 ml/100 ml for
automated injection vs. 29.3 ± 5.1 ml/100 ml for manual
injection). PF and MTT showed statistically significant differ-
ences in the one-tailed paired analysis between the injection
methods (p = 0.0461 and p = 0.047, respectively).
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Discussion

In CE 4D-MRA, the flow of a CA through the vascular
system is one of the central factors influencing vessel sig-
nal intensity. The flow of CA is influenced by patient-
specific factors (such as cardiac output), by the vessel itself
or vessel-related pathology (such as stenosis) and by the

way the CA is injected [32–34]. As patient-specific and
pathology-specific factors that influence CA flow are var-
iable, standardization of the CA injection method seems to
be a logical step to reduce variability and increase repro-
ducibility of CE MRI techniques, in particular 4D-MRA.
Well-defined bolus shapes seem to be important particular-
ly for determining quantitative values and for comparing

Fig. 1 Maximum intensity
projections for different time-
points (a, d pulmonary artery; b, e
arterial phase; c, f venous phase)
of the subtracted 4D-MRA
datasets for manual injection (top
row a–c) and automated injection
(bottom row d–f). Note the
differences in contrast
enhancement in the aorta (arrows)
during the venous phase due to
the prolonged bolus of the manual
injection

Table 1 Peak signal intensities
and times to peak for different
vessel regions

Vessel region Peak signal intensity (a.u.) Time to peak (s)

Manual
injection

Automated
injection

Manual
injection

Automated
injection

Ascending aorta 334.1 ± 62.5 372.4 ± 45.9 23.7 ± 2.9 22.4 ± 1.1

Descending aorta

Truncus pulmonalis level 258.3 ± 57.9 291.8 ± 48.3 24.1 ± 3.0 23.4 ± 0.0

Truncus coeliacus level 333.7 ± 26.9 361.8 ± 39.1 25.4 ± 3.8 22.7 ± 1.0

Below the kidneys 270.3 ± 36.3 280.7 ± 63.4 26.1 ± 3.0 25.1 ± 1.0

Renal artery 194.5 ± 34.9 231.3 ± 53.9 26.4 ± 2.8 25.7 ± 1.5

Vena cava 185.6 ± 26.2 233.6 ± 30.1 35.0 ± 4.6 32.1 ± 2.0

a.u. arbitrary units
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these values over different time points or between patients.
Various studies evaluated the performance of perfusion
MRI-derived values for the assessment of therapy response
and found promising results for different entities (e.g. he-
patic [35, 36] and head and neck [37] malignancies). In
these applications, robust and reproducible techniques
seem to be essential to allow valid longitudinal assessment.

Manual injection is operator-dependent and typically re-
sults in less precise injection rates. Even though a trained
operator might be able to inject at a relatively constant rate
during a specific examination, the variability in overall flow
rates between different examinations (e.g. on different days)
would likely be significant. The unavoidable short interrup-
tion during manual injection when switching the syringes
from CA to saline had an even more significant effect on
4D-MRA bolus shapes than the potential variability in flow

rate in our study. After switching from CA to saline, the re-
maining CA in the injection line is pushed forwards by the
saline, leading to disrupted CA flow. Even though this inter-
ruption was relatively short (typically in the range of 1–2 s), it
led to an additional vascular peak in all examined vascular
territories. The resulting undefined bolus profile might impair
flow analysis and potentially distort the diagnostic informa-
tion, e.g. in the evaluation of therapy response in vascular
tumors treated by minimally invasive approaches (e.g. embo-
lization or sclerotherapy [38]). In semiquantitative evaluation
approaches, the degree of remaining vascularization and the
decrease in vascularization of vascular malformations can
probably be assessed more reliably using standardized injec-
tion protocols. Variability in bolus shapes might mimic thera-
py effects by indicating apparent differences in vascularity and
flow dynamics of lesions.

Fig. 3 Bolus curves at the level of the descending aorta for all 6 animals (a.u. arbitrary units)

Fig. 2 Representative bolus curves from animal 3. An additional bolus peak (arrows) is found in all vascular regions when using hand injection (a.u.
arbitrary units)
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As the observed overlying second peak with manual injec-
tion protocols is influenced by recirculation time, the variabil-
ity in the bolus curve shape is additionally influenced by
patient-specific parameters. This might lead to further in-
creased variability in bolus curve shapes. With the use of an
automated injection system, injection of the saline chaser
starts instantaneously, which yields continuous administration
of the CA and thus a standardized vascular bolus shape. This
may improve the reliability of information derived from the
analysis of flow dynamics in 4D-MRA, as changes in flow
characteristics e.g. in vessel territories or in vascular tumors
after therapy can more likely be attributed to pathology or
therapy-related effects rather than to variability in the tech-
nique itself [39–41]. To minimize the effect of bolus shapes
on quantitative, absolute perfusion parameters, the model-free
approach applied in this study used pixel-by-pixel
deconvolution of the measured signal intensity–time curves
in the tissue and the AIF. However, the highly disrupted bolus
during manual injection led to distortion of the AIF, which
was not equalized by the algorithm and resulted in different
absolute perfusion values. This effect of manual in contrast to
automated injection on quantitative results in model-free
deconvolution approaches is of great interest and has, to our
knowledge, not been shown in any previous studies in an in-
vivo intraindividual comparison setup.

The additionally higher PSI and thus higher vessel to back-
ground contrast found with automated injection examinations
might be of importance when assessing small vessels or small-
er hypervascularized lesions. Although not evaluated explic-
itly in this study in healthy animals, an increased PSI and
standardized TTP probably results in improved image quality,
e.g. regarding vessel to background delineation [20, 42]. This
may increase the diagnostic performance of dynamic MRA
sequences, especially when combined with improved se-
quence and reconstruction techniques [43].

Limitations

The study was performed with a relatively low number of
animals, which limits its statistical power. However, the dif-
ferences in bolus shape between the two injection methods
were found consistently in all animals (see Fig. 3). In this
study, vascular signal enhancement instead of signal-to-
noise was used for the quantitative comparison of MRA
image quality. Noise measurements are challenging with
the phased array coils used and with the use of parallel
imaging reconstruction methods [44], and were not per-
formed. However, intraindividual comparison in one imag-
ing session allowed quantitative evaluation on the basis of
signal intensity measurements [45].

Fig. 4 Perfusion maps for three animals showing color-coded plasma flow for automated injection (a) and manual injection (b). Higher plasma flow
values are apparent when using the automated injection protocol. Scale units are milliliters per 100 ml per minut
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In this study, all manual injections were performed
by the same operator, who took special care to keep
the flow rates and timings as close as possible. In
clinical practice, manual injections will be performed
by different operators, leading to even more heteroge-
neous bolus shapes. This is of special interest if 4D-
MRA-derived quantitative perfusion values are mea-
sured over time, e.g. to evaluate therapy response.
The short interruption in CA flow due to changing
the syringe from contrast to saline during manual in-
jection is unavoidable; the duration of the interruption
is probably also operator-dependent. Thus, the use of
the largely different shapes of AIF and parenchymal
enhancement curves in the assessment of changes in
perfusion will probably lead to distorted values that
do not represent the true therapy-induced changes in
perfusion.

As the absolute quantitative perfusion values were not
the focus of this study, no reference standard measurement
for renal perfusion was performed. However, the quantita-
tive renal perfusion values found in this study are in good
agreement with previously published values. Renal perfu-
sion values for mean cortical perfusion in pigs have been
found to lie in the range 180–235 ml/100 ml/min in previ-
ous studies based on Doppler ultrasonography, CT and
MRI [46–48].

In conclusion, this animal study demonstrated that the
use of a fully automated injection system enables the
administration of CA and saline under highly reproduc-
ible conditions. This results in a clearly defined and
standardized bolus shape and higher signal enhancement
in 4D-MRA compared with manual injection. This
might be especially relevant for vascular flow and quan-
titative perfusion analyses.
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