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High-field MR angiography on an in vitro stenosis model

determination of the spatial resolution on 1.5 and 3T in

correlation to flow velocity and contrast medium concentration
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Since the first description of coronary magnetic angiography (MRA) in the early of 1990, this method seems to be shaped us a promising
noninvasive modality to view the coronary arteries. Since several years dedicated high-field MR systems up to 4T are available for human
use. The aim of the study was the evaluation of an in vitro vessel model with defined stenoses on 1.5T and 3T. For imaging at 3T, we used a
3d gradient-echo-sequence (fast SPGR). Furthermore, we examined the influence of the flow velocity and the contrast medium
concentration on the spatial resolution. The accurate detection of in vitro stenoses was possible in segments up to 0.6 mm at 3T, the best
results were obtained at a flow velocity of 40 ml/min and a contrast medium concentration of 0.2 mmol/l. The influence of the contrast
medium concentration was statistically not significant. These results show that the spatial resolution can be increased by the use of a high-
field MR scanner. Further in vivo studies are necessary to eliminate the method’s limitation in visualizing small distal vessel segments.
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1. Introduction

The non-invasive imaging of coronary vessels has been pos-
sible for some years using the method of magnetic resonance
imaging (MRI) (1–6).

The image resolution in conventional cardiac catheteriza-
tion tests is in the region of 300 mm (7). Such a high spatial
resolution can, in principle, also be achieved by means of
MRI. Despite many new technical advances in different imag-
ing methods, the ability to visualize and assess further distal
located branches and small vessels is desirable and quantita-
tive grading of coronary artery stenosis is the ultimate goal.

Currently, the use of new sequences such as ‘‘steady-state
free precession,’’ black-blood coronary angiography or 3D
spiral scanning to increase the contrast between blood and
surrounding tissue shows much promise (7). The reliability
with which stenosis of the coronary arteries are recognized,
above all in the middle and distal segments, is currently the
subject of intensive research in several multicenter studies (8).

Until 1998, high-field MR scanners with an output of 3T
were solely used as research equipment, due to the lack of an
FDA approval for use in patients (9). The extension of non-
significant risk status for clinical fields up to 8T by the FDA
in 2003 facilitates the further growth of this technology.
Several studies have demonstrated no significant changes in
vital signs in subjects exposed to field strength up to 8T (10).

Since 2003, two comparative studies at 1.5T and 3T have
been published, which focused primarily on the signal-to-
noise (SNR) and contrast-to-noise (CNR) ratios (11, 12).

The construction of appropriate receiver coils for cardiac
imaging is one of the challenges posed by high-field equip-
ment (13, 14). Together with the substantial increase in
resonance frequency, there is also an rise in the amount of
radiofrequency energy applied, which necessitates special
strategies for imaging techniques since these already have a
large energy deposition at 1.5T.

Potential disadvantages of the high-field MR method
include susceptibility artefacts, small T2* and longer T1
periods as well as radio frequency distortion (15). Advances
in 3T hardware together with the development of more
powerful magnets and special receiver coils as well as the use
of T2-prep sequences and 2-D real-time navigators enabled
3T MRA. The first study on high-field 3T MR coronary
angiography on healthy volunteers was published by Stuber
et al. in 2002 (15).
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Current limitation of MRA include a suboptimal signal-
to-noise (SNR), which limits spatial resolution and the
ability to visualize distal vessel segments < 1.5 mm.
Improved SNR is expected at higher field strength, which
may provide improved spatial resolution. At higher field
strengths, there is, on the one hand, an associated gain in
the signal-to-noise ratio, but this occurs at the cost of higher
sensitivity to the negative effects of the static field and an
altered relaxation time (9). This necessitates adjustments to
the imaging techniques.

Therefore, the SNR can be favourably affected by a higher
field strength of 3T. 3.0T imaging shows approximately a
2.0-fold increase in SNR over imaging at 1.5T (16). This
improvement in image quality can be used to increase
the in-plane-resolution down to a vessel diameter less than
1 mm (17).

Our first step was to investigate the efficiency of a 1.5
and 3T scanner with respect to the maximum spatial res-
olution in a defined in vitro vessel model. The effects of
different contrast medium concentrations and flow rates were
also investigated.

On the basis of knowledge derived from this study, further
investigations are planned for native vessel preparations and
also on healthy volunteers in the near future.

2. Methods

For the exact evaluation of the stenosis, we used a glass tube
in vitro vessel model with defined diameter. The glass tubes
were embedded in Plexiglas. The details are given in Tables 1
and 2.

The phantoms consisted of a 3 � 4 cm plexiglass block
with glass tubes inlays. All of the stenosis models had an
internal diameter of 2.8 mm, with the stenosed segments
having a diameter between 0.3 and 2.5 mm, corresponding to

Figure 1. Determination of the diameter of stenosis in correlation
with a reference value at a flow rate of 40 ml/min. A very good
correlation with the non-invasively measured stenosis parameters is
seen at 1.5 T.

Figure 2. Determination of the diameter of stenosis in correlation
with a reference value at a flow rate of 40 ml/min. A very good
correlation with the non-invasively measured stenosis parameters is
seen at 3 T.

Figure 3. Estimation of the length of stenosis. It must be taken into
consideration that in the 3T study more high-grade and short
stenosis of < 5 mm in length will be included into the study and thus
the variance will be greater.

Figure 4. Estimation of the pre- and post-stenotic length ratio with
1.5 and 3 T.
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stenosis of 11–90%. The lengths of the stenosis were 3–
10 mm (Fig. 6). The non-stenosed models had a diameter of
3–5.5 mm (Table 2).

For imaging, we utilized a fluid with a susceptibility
characteristic and with properties similar to those of blood.
We used a gadopen-based contrast medium (Magnevist 0.5
mmol/ml, Schering AG, Berlin, Germany). In order to
determine the influence of contrast medium concentration
on spatial resolution, we perfused the models with Magnevist
0.1 mmol, 0.2 mmol, and 0.3 mmol.

The study was carried out with stationary contrast medium
as well as with a defined flow rate. Flow rates of 40 and
60 mL/min with constant flow were used, which correspond
to the average intracoronary flow rates as described in the
literature (12) and also as determined in our own patient
studies. Continuous flow rates were produced by means of a
pump (Laudathermostat Typ GPS 1517, Dr. K Wobsa GmbH,
Germany), which, on account of the ferromagnetic housing,
was set up outside the MR area and was connected to the
phantom by means of a sufficiently long supply line.

Figure 5. Assessment of the stenosis degree with 1.5 and 3 T in correlation to the real value.

Table 1. Diameter non-stenotic models

Vessel diameter 3.0 mm 3.5 mm 4.0 mm 4.5 mm 5.0 mm 5.5 mm

Table 2. Parameter stenotic models

Vessel diameter Diameter stenosis Degree/% Length stenosis Length pre-sten. Length post-sten.

2.8 0.3 90 3 11 3
2.8 0.40 85 3 11 3
2.8 0.50 82 5 11 4
2.8 0.60 79 5 11 4
2.8 0.72 74 9 10 0
2.8 0.81 71 9 10 0
2.8 0.91 67 10 7 0
2.8 1.0 65 10 7 0
2.8 1.5 46 10 7 0
2.8 2.0 28 7 10 0
2.8 2.5 11 7 10 0
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The flow rates set at the pump had been tested in a previous
study using an electromagnetic flowmeter (Carolina Medical
Electronics Inc, North Carolina, USA).

The phantom was placed into a water bath together with the
supply line, in order to simulate an environment like that of
the human thorax. The surrounding liquid consisted of 10%
hydroxyethyl starch, which has a similar consistency to that
of human tissue.

2.1. 1.5T MR imaging

Coronary in vitro MRI was performed on a whole body 1.5T
Intera scanner (Philips Medical Systems, Best, The Nether-
lands) with a gradient of 30 mT and a slew rate of 150T/m/s.
For signal acquisition, a multi-segment quadrature T/R head
coil, for imaging a 3D T1 fast-field-echo gradient-echo-
sequence (TE minimum, flip angle 25�, matrix 512x512,
FOV 30 cm, slice thickness 1 mm, 30 overlapping- slices)
were used.

The total scan time was 52 seconds.

2.2. 3T MR imaging

The in vitro models were examined on a 3T MR scanner
(Signa 3T, GE Medical Systems, Milwaukee, Wi, USA) with
a gradient of 40 mT, the rise time was 268 ms. The effective
gradient amplitude was 69 mT/m, and the effective gradient
slew rate was 259T/m/s.

The minimal slice thickness was 0.5 mm at the 2D
acquisition and 0.1 mm at 3D. The minimal FOV was 10
mm, the maximal 400 mm.

The study was performed on both systems with a multi-
segment quadrature T/R head. To use the same design and
size as the 3T prototyp coil, the standard head coil was used at
1.5T instead of the smaller cardiac phased array coil.

The MRI was performed with 3D gradient-echo-sequences
(fast SPGR, spoiled gradient echo) with a TE of minimum,
flip angle of 25�, matrix of 512 � 512, FOV 30 cm and a
slice thickness of 1 mm.

The maximal TR was 2.9 ms, the minimal 0.9 ms.
The total scan time for Nex 0.5 was 52 seconds, for NEX 1

1 minute 12 seconds and for NEX 2 1 minute and 30 seconds.
In order to improve spatial resolution, we carried out

measurements with NEX = 0.5, 1 and 2, where NEX stands
for signal averaging. Thus, NEX = 0.5 represents a half
Fourier transformation of the k space, whereby only slightly
more than half of the lines of the k-space are selected, and the
rest of the image is reconstructed from these data. NEX = 1
represents the standard transformation of the entire k space.
With NEX = 2, two averages are taken, which makes it
possible for an increase of about 40% to be achieved in the
signal-to-noise ratio (Table 3).

2.3. Image analysis

The image analyses were performed on the 3D data on a
VARIAN UNITY INOVA system.

For measurements, the image data were reformed in a
multiplanar fashion as described previously (18).

The determination of the internal diameters was carried out
at the workstation on the basis of the different measurements
and with the help of a signal intensity profile using the
technique described in the paper by Hoogeveen et al. (19).

2.4. Statistics

The reliability of the method was calculated using sensitivity
and specificity tables.

Furthermore, the concordance correlation was determined
using the method of Lin (20). This is + 1 when there is a
perfect concordance.

The 95% confidence levels for sensitivity and specificity
were calculated following an approximation according to the
Geigy Scientific Tables (21).

At the 95% confidence level, the P value (McNemar’s Test)
and Cohen’s kappa showed a correlation between experi-
mental and reference groups as well as among members of the
experimental groups.

The results of the flow measurements were investigated
using the t-test and a value < 0.05 was considered to be
statistically significant.

All calculations were carried out using SAS/Stat
Version 8.2.

Figure 6. Model of the phantom with defined stenosis.

Table 3. TE and TR in correlation to NEX at 3 T

NEX 0.5 NEX 1 NEX 2

TE 2.5 1.7 1.7
TR 7.0 6.2 6.2
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3. Results

At 1.5T, vessel stenosis with a minimum diameter of
0.91 mm can be evaluated. MRI overestimates the actual
diameters. The best results were obtained at a flow rate of 40
mL/min; however, the differences were not significant
(Table 4). Determination of the length of stenosis was
possible only in vessels with a diameter of at least 1.5 mm
because vessels smaller than 1 mm in diameter exhibited very
short stenosis (3–5 mm). Post-stenotic segments of 3–4 mm
length could only be evaluated accurately for diameters down
to 2 mm (Table 2).

Using the technique described above, vessel stenosis with a
minimum diameter of 0.6 mm could be evaluated at 3T. MRI
slightly overestimates the actual diameters (Table 4). The best
results were obtained at a flow rate of 40 mL/min (Table 4).
In the tests with NEX = 0.5, 1 and 2 did not produce any
significant improvement in the results; the best signal-to-noise
ratio could be obtained with the NEX = 2 method, and this
didn’t have any effect on the resolution (Table 5).

In the clinical situation, however, lower resolutions can be
expected due to the limitations described previously. The flow
rate had no statistically significant influence on the results.
The best results could be obtained with a contrast medium
concentration of 0.2 mmol/L, but a statistical correlation
could not be verified. At 3.0T, the limits were reached with
vessels of 1 mm and short stenosis of up to 5 mm in length.
The post-stenotic area could only be evaluated in isolated
cases (Table 2).

In a further step, the longitudinal imaging of stenotic and
prestenotic vessel areas was investigated. This showed that
exact longitudinal imaging is problematic, above all in vessel
segments with diameters < 1 mm; in addition, mean variations
of 0.72 mm with 1.5T and 0.58 mm with 3T were observed.
The values for the variations in intrastenotic length measure-

ments shown in Fig. 3 are primarily due to high-grade stenosis
of 79–90%. Since this concerns short narrowings of < 5 mm
(Table 2), which are correspondingly difficult to image, this
results in a substantial measurement error. With stenosis of
< 70%, corresponding to vessel diameters of > 1 mm, the
variation in measurement amounted to only 0.28 mm.

The values for the variations of the pre- and poststenotic
segments were 0.53 mm in 1.5T and 0.58 mm in 3T (Fig. 4).

4. Discussion

With the present 3.0T scanner hardware, software, and
sequences, in vitro 3D coronary MRI with a high SNR and
an enhanced spatial resolution has been demonstrated to be
feasible. So far, only one group has investigated the pos-
sibilities for in vivo 3T MRA of coronary arteries. A clear
improvement in coronary imaging, with respect to longitudinal
imaging, could be achieved in healthy adult subjects (15).

Furthermore, an improvement was possible in SNR and
CNR compared with the corresponding sequence at 1.5T (22).
The sharpness of the coronary vessels was comparable at both
field strengths (vessel sharpness 24–49% vs. 46% ± 10).
With these results, it is necessary to take into account that the
tests at 3Twere carried out on healthy volunteers, and it might
not be so easy to transfer the method to measurements in
patients (15, 23).

Actually, there is no study available on the use of high-field
equipment > 3T in clinical situations.

In 2001, Dougherty et al. investigated the effect of field
strength on SNR. This could be increased 2.0-fold at 3T and
2.5-fold at 4T as compared to 1.5T (9, 16). This improvement
can be used to increase in-plane resolution as well as to
reduce layer thickness and the time needed for the test (16)
(Figs. 7 and 8).

Table 4. Spatial resolution 1.5 T and 3 T at a flow of 40 ml/min

Real diameter/mm

Diameter/mm

measured at 1.5 T

Diameter/mm

measured at 3.0 T

5.5 5.5 5.5
5 5 5.3
4.5 4.59 4.58
4 4.03 4
3.5 3.55 3.55
3 3.02 3
2.5 2.6 2.58
2 2.11 2.09
1.5 1.61 1.65
1 1.02 1
0.91 0.98 0.95
0.81 0.86
0.72 0.77
0.6 0.66

Table 5. Spatial resolution at 3 T in correlation to different flow
velocity at NEX 2

Real diameter

Diameter measured

at 40 ml/min

Diameter measured

at 60 ml/min

5.5 5.5 5.62
5 5.3 5.29
4.5 4.58 4.62
4 4.0 4.10
3.5 3.55 3.65
3 3.0 3.12
2.5 2.58 2.61
2 2.09 2.15
1.5 1.65 1.160
1 1.0 1.09
0.91 0.95 0.99
0.81 0.88 0.91
0.72 0.77 0.81
0.6 0.66 0.69
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In this study, high-filed MRI showed a clearly better
imaging of the stenosis morphology. Compared to MRI at
1.5T, a higher spatial resolution was possible with the 3 D
scanner. With the 3T MRI scanner, it is possible to image
stenosis down to a diameter of 0.60 mm compared to di-
ameter of 0.91 mm with 1.5T MRI. The length of stenosis
were assessed with a higher accuracy at 3T (Fig. 3, Table 4).

The best signal-to-noise ratio was obtained with the
NEX = 2 method, and this had no effect on the resolution.
The resolution capacity of the MR method is also dependent
on the length of the stenosis. Currently, the limits with short
stenosis of 5 mm are 1 mm, compared to 0.6 mm with long
narrowings of 7–11 mm. This is also reflected in the
measurement error, which is clearly higher in vessels < 1 mm
(Fig. 3). It is precisely with high-grade and short stenosis that
the advantage of high-field MR imaging becomes apparent
since these cannot be adequately imaged with a conventional
scanner at up to 1.5T.

The disadvantages of high-field MR imaging so far estab-
lished, e.g. decreased T2* times and increased B0 effects,
could not be observed in this study.

The flow rate had no influence on the results. The effect of
the concentration of contrast medium was not statistically
verifiable in the same tests. This represents a limitation of the
in vitro data in regarding to the brief concentration of contrast
medium in coronary vessels in case of using the available
contrast medium. Future use of blood-pool contrast media
holds a promise of improved results.

An important limitation of these in vitro studies is that
3-dimensional cardiac and respiratory movements have not
been considered in the test results.

There is a substantial difference in signal between 1.5T and
3T in the dephasing experienced by the spins as a result of
inhomogeneities in the magnetic field. The effective relaxa-
tion time, T2*, which in addition to T2 includes the effects of
inhomogeneities in the magnetic field, is clearly shorter than

Figure 8. 1.5 T MRI. Vessel phantom with 0.8 mm diameter. The degree and the extent of the stenosis is not assessable due to the spatial
resolution.

Figure 7. 3 T MRI. Vessel phantom with 0.8 mm diameter. The degree and the length of the stenosis is clearly visible.
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at 1.5T. This increases the influence of susceptibility artefacts.
This can, however, be partially decreased again by an increase
in spatial resolution or by the selection of thinner layers, but
at the expense of a reduced SNR. Compared to 1.5T, the
increased sensitivity to inhomogeneities in the magnetic field
leads to a reduction in signal intensity for gradient sequences
at the same echo time. Furthermore, the substantially higher
dephasing due to the field inhomogeneities leads to an
increase in extinction and distortion effects. This effect can be
reduced by a reduction in the number of Fourier lines taken
up by the echo train, which can, for example, be effected
through segmentation of the k space or by parallel imaging.

The clear increase in SNR at 3T raises the possibility that in
the future fine anatomical details such as the chorda tendinae
and mitral valve leaflets can be recognized (24); hence, an
increase in the range of indications seems to be a possibility
(25). Further improvements in data acquisition can be
achieved through the use of steady-state free precession
(SSFP) technology (11).

There is no cause for concern about effects on vital signs or
about any danger to patients. In a study on healthy volunteers
up to a maximum 8T, Chakeras et al. were able to observe only
a slight increase of 3.6 mmHg in systolic blood pressure (26).

Due to the potentially high resolution of up to 0.6 mm, it can
be expected that it will be possible to image the distal vessel
segments, which so far have been excluded from MRI. Whe-
ther high-field Magnetic resonance coronary angiography
(MRCA) will also be able to identify short, high-grade stenosis
in distal segments cannot currently be assessed with certainty.
However, in the near future this will certainly remain within
the domain of cardiac catheterization investigations while
MRCA appears to be eminently suitable for risk evaluation
and for the planning of interventional procedures.

The results of the study show that MRCA at 3T is possible
and that a substantial improvement in results can be expected.
Further improvements to the hardware as well as a better
depth adaptation of the sequences by means of altered basic
physical parameters are necessary (15). In the present study,
feasibility and spatial resolution were tested.

As a next step, it is planned to perform tests on native
vessel preparations in order to confirm the improved spatial
resolution and SNR in the evaluation of vessel stenosis. If the
encouraging results thus far are confirmed, further compara-
tives studies at 1.5 and 3T in healthy volunteers and in
patients with coronary artery disease will be possible in order
to evaluate the use of the method in daily clinical practice.

Future developments and enhancement of high-field MRI
promise better lumen and coronary artery wall imaging and this
may become a new target in noninvasive evaluation of CAD.
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