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Abstract

Background
The aim was to validate a magnetic resonance high-resolution, phase-contrast sequence for
quantifying flow in small and large vessels, and to demonstrate its feasibility to measure flow

in coronary artery bypass grafts.

Methods

A breathhold, echo planar imaging (EPI) sequence was developed and validated in a flow
phantom using a fast field echo (FFE) sequence as reference. In 17 volunteers aortic flow was
measured using both sequences. In 5 patients flow in the left internal mammary artery (LIMA)
and aorta was measured at rest and during adenosine stress, and coronary flow reserve (CFR)
was calculated; in 7 patients vein graft flow velocity was measured.

Results

In the flow phantom measurements, the EPI sequence yielded an excellent correlation with
the FFE sequence (r=0.99; p<0.001 for all parameters). In healthy volunteers, aortic volume
flow correlated well (r=0.88; p<0.01), with a minor overestimation. It was feasible to measure
flow velocity in the LIMA and vein grafts of the 12 patients.

Conclusion

The high-resolution, breathhold MR velocity-encoded sequence correlated well with a free-
breathing, FFE sequence in a flow phantom and in the aortae of healthy volunteers. Using the
EPI sequence, it is feasible to measure flow velocity in both LIMA and vein grafts, and in the

aorta.
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Introduction

Coronary artery bypass grafting (CABG) is one of the therapeutic options in obstructive coronary
artery disease. Over time, atherosclerosis may progress in these bypass grafts and graft stenosis
may develop, requiring invasive angiography to assess the severity of the lesions. However, the
hemodynamic consequences of the stenotic lesions cannot be assessed from angiography 2.
Measurement of flow velocity and flow reserve by phase-contrast velocity-encoded cardiovascular
magnetic resonance (CMR) has recently been demonstrated for the evaluation of vein graft dis-
ease ¥, Imaging of arterial grafts remains challenging because of the small luminal diameter of
the internal mammary arteries, and metal clip artefacts. Earlier studies demonstrated the feasibility
to measure flow in left internal mammary artery (LIMA) grafts by free-breathing and breathhold
CMR sequences, but these sequences generated a limited spatial and temporal resolution *7. The
aim of the present study was to validate a recently developed velocity-encoded CMR sequence to
measure flow velocity in small and large vessels, and to demonstrate its feasibility to measure flow
in coronary artery bypass grafts.

Methods
In vitro validation

In order to validate the velocity-encoded CMR sequence in small vessels, a calibrated flow simulator
(UHDC flow simulator, Shelley Medical Imaging Technologies, London, Ontario, Canada) was used to
create biphasic flow velocity patterns, such as observed in nonstenotic bypass grafts and coronary
arteries, in a MRI compatible phantom. The design of the pump and its value in application for MR
flow studies were described before #°. The simulator provided an ECG-signal to allow triggering by
the MR-system. The phantom consisted of a cylindrical container filled with water, with a 4-mm-di-
ameter glass tube running through the middle. The glass tube was connected to the flow simulator
by two hoses, and filled with a blood-mimicking solution. The phantom was positioned in the bore of
a 1.5 Tesla MRl scanner (Gyroscan ACS/NT, Philips Medical Systems, Best, the Netherlands) with Pow-
ertrak-6000 gradients (gradient strength 25mT/m, slow rate 100 T/m/s) and commercially available
cardiac software (release 9, Philips Medical Systems, Best, the Netherlands). Scout scans of the glass
tube were made, and a plane perpendicular to the tube was planned for the velocity measurements.
A multishot echo planar imaging (EPI) velocity-encoded sequence yielded a field of view (FOV) of
60x150 mm with an acquisition matrix of 55x144 voxels. Per acquisition 55 k-lines were scanned.
Multi-shot gradient echo EPI was performed by acquisition of 5 EPI-readouts twice per frame (Figure
1). For each time frame in the cardiac cycle a velocity-sensitive and a velocity-insensitive image was
acquired, and for each image signals were averaged (NEx=2), resulting in an acquisition time of 22
heartbeats. Number of phases to be acquired during the cardiac cycle was set to 30 by retrospective
ECG-gating. The repetition time (TR), defined as the time to acquire 5 k-lines after one RF pulse, was
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15 ms, rendering a temporal resolution of 30 ms (2xTR). Additional scan parameters were: echo time
(TE) of 7 ms, in-plane resolution of 1.0x1.0 mm, interpolated to 0.29x0.29 mm by zero padding, slice
thickness of 6 mm, flip angle of 40°, velocity encoding of 50-150 cm/s.

ECG signal /L

frame 1 frame 2 frame 30
30ms  30ms 30 ms

—

_JEEx

shot 1 shat 2

RF
gradient
5 EPl-signals
e * * * i acquired

Figure 1. Schematic presentation of the EPI sequence. Per heart beat 30 frames could be acquired, each consist-
ing of two shots, each representing one radiofrequency pulse and 5 EPI-readouts. The ECG-signal was recorded
simultaneously for retrospective ECG-triggering.

Stepwise increasing velocities in a biphasic pattern resembling bypass graft flow were implemented
in the simulator and subsequently imaged. The series of velocity measurements was repeated using
a free-breathing fast field echo (FFE) sequence, previously validated at our institution %, using the
following parameters: TR/TE 5.5/3.5, FOV of 370 mm, RFOV 60%, acquisition matrix 77x128 voxels,
temporal resolution of 30 ms, pixel size of 3x3 mm, interpolated to 1.45x1.45 mm, slice thickness of
6 mm, flip angle of 20°, retrospective ECG gating, scan duration of 256 heart beats. For determination
of interstudy variability the velocity measurements were repeated using the EPI sequence.

Image analysis

Velocity image acquisition consisted of paired modulus and phase images. For the velocity analysis
a region of interest (ROI) of 1 pixel (2.1 mm?) was placed in the center of the glass tube in each phase
image for the free-breathing sequence, using FLOW software (version 4.0.4, Medis, Leiden, the Neth-
erlands). Owing to the improved spatial resolution of the EPI sequence, 24 pixels (2.02 mm?) were
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selected in the center of the tube in order to compare the two sequences. The peak velocity was
defined as the mean velocity in the ROI for each time frame. The average peak velocity (APV; cm/s)
was then defined as the average velocity measured in the ROIs over the cardiac cycle. Systolic peak
velocity (SPV; cm/s) and diastolic peak velocity (DPV; cm/s) were defined as the maximal peak veloc-
ity during the first and second peak, respectively.

In vivo validation

In 17 healthy volunteers aortic flow was measured using the EPl and FFE sequence. A scout scan in
three planes of the thorax was made. Aortic flow was acquired in a transverse plane planned through
the ascending aorta by both free-breathing FFE and EPI sequence. For this measurement FOV was
increased to 370 mm in the EPI sequence, resulting in a voxel size of 2.6x2.6 mm, interpolated to
0.7%x0.7 mm. All breathholds were initiated at end-expiration in order to avoid aortic flow changes
due to high intrathoracic pressures ''.

Feasibility study

In 10 healthy volunteers LIMA and aortic flow were measured using the EPI sequence. Two surface
coils were used, one placed at the proximal native LIMA and one placed at the center of the thorax
to measure aortic flow. First, a scout scan in three planes of the thorax was made. A transversal bal-
anced turbo field echo (bTFE) survey scan of the proximal part of the LIMA was made to identify the
arterial anatomy. The proximal portion of the LIMA was selected in order to avoid artefacts derived
from metal clips in patients with LIMA grafts. The proximal part of the LIMA was scanned in plane in
two perpendicular planes in order to plan a third plane orthogonally. The EPI sequence was applied
to measure velocity in a single breathhold. The sequence validated in the phantom study was used.
Then, aortic flow was acquired as described in the previous section.

In 5 randomly selected patients with LIMA grafts, who underwent coronary angiography because of
recurrent chest pain, aortic and proximal LIMA graft flow was measured in the same manner. After
acquiring the baseline aortic and LIMA flow, adenosine was administered intravenously in dosage of
140 pg/kg/min in order to achieve maximal hyperemia 2. Aortic and LIMA flow velocity scans were
repeated during adenosine stress.

In 7 randomly selected patients with vein grafts, baseline flow velocity was measured. By means of
the bTFE survey scan, vein grafts were visualized at the level of the ascending aorta. On two perpen-
dicular survey images showing the graft in plane, a plane was planned perpendicular to the graft
and velocity was obtained using the EPI sequence. Beforehand, the nature of the study was fully
explained to the patients, and all patients gave informed consent. The study was approved by the
medical ethics committee of our institution.

All patients underwent coronary angiography because of recurrent chest pain by a standard proce-
dure prior to the CMR examination. The MR operators were blinded to the results of invasive angi-
ography. Angiograms were evaluated by an experienced cardiologist for potential stenoses in the
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examined bypass grafts and recipient vessels. If more than one stenosis was present in either bypass
graft or recipient vessel, the most severe stenosis was taken into account.

Image analysis

For the image analysis aortic and LIMA contours were traced by automatic contour detection, using
FLOW 4.0.4 (Medis, Leiden, the Netherlands) *'. In the flow rate-versus-time curves the area-un-
der-the-curve was multiplied with the heart rate to obtain aortic and LIMA volume flow (ml/min).
The maximal flow rate at systole and diastole were defined as the systolic peak flow (SPF; ml/s) and
diastolic peak flow (DPF; ml/s), respectively. The diastolic-to-systolic flow ratio (DSFR) was defined
as the ratio of DPF and SPF. The ratio of hyperemic to baseline volume flow was defined as coronary
flow reserve (CFR). As values of LIMA flow are known to vary widely between individuals *, LIMA flow
was also expressed as a percentage of the aortic flow at rest and during stress.

For vein grafts it has been demonstrated previously that the accuracy of volume flow analysis and
peak velocity analysis is similar . Therefore, only peak velocity analysis was performed, in which
4 pixels at the center of the vessel were selected and defined as the peak velocity for every phase
in the cardiac cycle. APV, SPV, and DPV were derived from the velocity-versus-time curves, such as

described for the flow simulator.
Statistical analysis

Parameters were expressed as mean + SD. The velocity parameters, measured by the flow phantom,
and the flow parameters, measured in healthy volunteers, were compared using Pearson correlation
and Bland-Altman analysis. Interstudy variability was expressed as correlation and calculated as the
mean difference divided by the mean of the two measurements. Baseline and stress values in LIMA
grafts were compared using a paired Student t-test. A p-value <0.05 was considered significant.

Results
In vitro validation

When comparing the FFE and EPI sequence with the flow simulator, an excellent correlation was
demonstrated for APV (y=1.06x-2.6; r=0.99; p<0.001), as for SPV and DPV (y=1.05x-2.1; r=0.99 and
y=1.05x-1.3; r=0.99; p<0.001). In the Bland-Altman analysis, the mean differences (95% limits of
agreement) were for APV -1.26 cm/s (-2.89 to 0.36), for SPV -1.05 cm/s (-2.64 to 0.55), and for DPV
0.19 cm/s (-2.84 to 3.23), indicating good agreement. A good reproducibility of the EPI sequence
was demonstrated, expressed by the following correlations: y=x+0.2 for APV, y=x-0.5 for SPV and
y=x+2.2 for DPV (r=0.99 and p<0.001 for all correlations). Interstudy variabilities were —-0.2% for APV,
-2.4% for SPV, and 5.5% for DPV.
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Figure 2. Correlation and Bland-Altman analysis of the comparison of the FFE and EPI sequence for aortic flow in
healthy volunteers. Identity lines (y=x) are shown in the correlation plots in gray. In the Bland-Altman plots, solid
lines represent the mean, and dotted lines represent the 95% limits of agreement.

In vivo validation

In 17 healthy volunteers (mean age 30 years, range 20 to 60, male/female 7/10) aortic flow was mea-
sured by free-breathing FFE and breathhold EPI sequence. For 2 volunteers, image quality was insuf-
ficient due to inability to sustain the obligatory breathhold, and these individuals were excluded
from further analysis. A good correlation was shown for the FFE and EPI sequences (Figure 2). The
regression equation, y=1.2x-301, demonstrated a slight overestimation of volume flow, when the
EPI sequence was used (r=0.88; p<0.01). The EPI sequence correlated well with the FFE sequence
for SPF (y=1.04x-21; r=0.94; p<0.001). Bland-Altman analysis illustrated the overestimation of aortic
flow with the EPI sequence with a mean difference of 560 ml/min (95% limits of agreement -872 to
1992). For SPF mean difference was —4.5 ml/s (95% limits of agreement -75.0 to 66.0).
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Feasibility study

In 10 volunteers native LIMA flow was adequately measured using the EPI sequence. Mean LIMA
flow was 66.5 + 22.3 ml/min (range 32.0 to 106.2), mean SPF was 5.2 + 1.4 ml/s (range 3.1 to 7.3), and
mean aortic flow was 5365 + 1302 ml/min (range 3331 to 7493). When LIMA flow was expressed as
percentage of aortic flow, the mean percentage was 1.2 + 0.4% (range 0.6 to 2.0).

A

Figure 3. Modulus (left) and phase (right) images of a sequential LIMA graft (arrowheads) to anterolateral and
obtuse marginal branch in diastole, acquired using the EPI sequence. Top images represent baseline flow velocity
and bottom images flow velocity during adenosine stress.

In 5 male patients (mean age 56 years, range 43 to 73) with 5 LIMA grafts, proximal LIMA graft and aor-
tic flow were successfully measured at rest and during adenosine stress, see Figure 3. Grafts were anas-
tomosed to the left anterior descending (LAD) artery (n=1), first diagonal branch and LAD (n=2), an-
terolateral branch and obtuse marginal (OM) branch (n=1). In one patient the LIMA was anastomosed
to the first diagonal branch and LAD, and a free right IMA was anastomosed from the LIMA to the OM

LIMUA gralt Flew

Fhux {miis)
Lax

0 xa 40 &00 00
Trigger delay (ms)
Figure 4. Flow curve of the LIMA graft depicted in Figure 3. Black squares represent the flow rate at baseline.

Open squares characterize adenosine stress flow rate. LIMA volume flow was 58.3 mL/min at baseline and 159.5
mL/min during adenosine stress, resulting in a CFR of 2.7.
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Figure 5. Diagram of the velocity parameters, measured in the vein grafts.
APV = average peak velocity, SPV = systolic peak velocity, DPV = diastolic peak velocity.

and posterior descending branch. Mean interval between bypass surgery and CMR examination was
48 months (range 8 to 104). A biphasic flow pattern was obtained in all grafts (Figure 4). The measured
flow parameters are summarized in Table 1. All LIMA grafts were patent at coronary angiography. Ste-
noses in LIMA grafts or recipient vessels distal from the anastomosis were not observed. In 7 male
patients (mean age 67 years, range 57 to 75 years) flow velocity in 9 vein grafts at rest was obtained
(mean time interval after CABG 9 years, range 5 to 15). Single vein grafts perfused the LAD (n=3), OM
(n=2), or posterolateral branch (n=1). Sequential vein grafts were anastomosed to OM and posterior
descending branch (n=3). The velocity parameters are presented in Figure 5. At coronary angiography
7 grafts had no significant stenosis (=50%), in 2 single grafts a diameter stenosis of 80% was observed.
In concordance with previous studies ¥'6, the velocity parameters of single vein grafts were lower than
sequential vein graft values. Two grafts with significant stenosis showed low velocity values at rest. Us-
ing the EPl sequence it is feasible to measure flow velocity in both arterial and vein grafts.

Table 1. LIMA graft and aortic flow.

Baseline Stress
LIMA flow (mL/min) 37.1+£13.9(22.3-58.3) 101.1 £45.6 (39.7-159.5)*
SPF LIMA (mL/s) 1.28 £0.49 (0.70-2.03) 2.88+£0.72(2.33-4.05)*
DPF LIMA (mL/s) 1.03+0.42(0.54-1.64) 2.79+1.55(0.96-5.11)*
DSFR 0.89 +0.44 (0.38-1.44) 1.03+0.70(0.31-2.19)
Aortic flow (mL/min) 5142 +£901 (4116-6185) 6275+ 1208 (4237-7116)
SPF aorta (mL/s) 406 £ 51 (334-473) 442 + 59 (397-524)
LIMA/aortic flow (%) 0.71+0.17 (0.52-0.94) 1.56 +0.52 (0.94-2.27)t
CFR 2.70+£0.88(1.78-4.14)

Results are presented as mean * SD (range).

LIMA = left internal mammary artery, SPF = systolic peak flow, DPF = diastolic peak flow, DSFR = diastolic-to-systolic
flow ratio, CFR = coronary flow reserve.

#p < 0.05,tp < 0.01.
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Discussion

In this study validation of a high-resolution, phase contrast CMR sequence was described. This se-
quence correlated well with a previously validated FFE sequence in a flow phantom and for aortic
flow measured in healthy volunteers. In addition, the feasibility to measure LIMA and vein graft flow
velocity using the proposed sequence was demonstrated.

In vitro and in vivo validation

CMR phase contrast imaging has succesfully been used before to measure flow velocity in arterial
and vein bypass grafts 3~. In the current study an improved phase contrast EPl sequence was validat-
ed in vitro and in vivo against an established FFE sequence °, and the feasibility to measure bypass
graft flow velocity was demonstrated. The EPI sequence used segmented filling of k-space (factor
5), and had an in-plane resolution of 1.0 x 1.0 mm, interpolated to 0.29 x 0.29 mm, with a temporal
resolution of 30 ms. The measurements were obtained at breathholding, and with the use of retro-
spective ECG-gating, data could be collected during the full cardiac cycle. In comparison, spatial and
temporal resolution of formerly established breathhold phase contrast sequences were 2.5x1.9 mm
and 128 ms ¢, 1.6x0.8 mm and 112 ms 7, 1.6 X 1.6 mm and 23 ms 3, and 0.9 X1.5 mm and 125 ms*,
respectively. In LIMA grafts with a mean diameter of 2.42 + 0.45 mm 7, an improvement of 0.5 mm in
in-plane spatial resolution is of important benefit. A temporal resolution of 30 ms is adequate to ac-
curately measure the systolic and diastolic peak in peak flow velocity measurements 8. The formerly
established breathhold sequences all used prospective ECG-triggering, with which the flow of late
diastole may not be measured correctly. The presented sequence used retrospective gating, provid-
ing data collection throughout the whole cardiac cycle. Particularly in bypass grafts, where flow is
maximal during diastole, this is an important improvement.

For validation purposes, quantitative flow velocity measurements with FFE phase contrast imaging
have been shown to be accurate *?2. An excellent agreement between the EPI sequence and the
conventional sequence was demonstrated in vitro, and the sequences correlated well in vivo.

In healthy volunteers aortic volume flow showed a minor overestimation using the EPI sequence,
which may be explained in part by the fact that the EPI sequence had a better spatial resolution,
causing partial volume effects to be less prominent #. Also, phase offset errors or Maxwell con-
comitant terms may be more prominent using an EPl approach. These artefacts were not specifically
investigated in this study. Moreover, at end-expiration left ventricle stroke volume was previously
demonstrated to be higher than the average stroke volume in healthy volunteers #. Thus, when aor-
tic volume flow is measured over 22 heart beats in an end-expiratory breathhold, measured volume
flow may be higher than averaged over 256 heart beats in normal breathing, due to low intratho-
racic pressure.

The phase-contrast EPl sequence was initially developed for measuring flow velocity in bypass grafts.
The results of the current study showed that this sequence may additionally be used in large arteries
as part of an integrated CMR approach.
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CMR flow velocity in bypass grafts
Arterial grafts

Absolute LIMA graft flow ranged considerably between patients without stenoses in the graft or
recipient vessel of the graft. Standardized thresholds of the flow parameters are necessary to be
able to detect flow-limiting stenoses. Ishida et al. studied volume flow by CMR in 24 LIMA grafts
at rest and during dipyridamole stress in patients shortly after CABG, and the authors proposed
threshold values for the detection of >70% stenosis of 35 ml/min for baseline LIMA volume flow,
1.0 for diastolic-to-systolic velocity ratio, and 1.5 for CFR 7. These parameters however are known
to change over time 7?5, Langerak et al. formulated a regression model to detect >50% and >70%
stenoses in vein grafts by using CMR with velocity mapping 3. Arterial grafts (n=41) were addition-
ally investigated, but a sufficient number of stenoses to formulate a model for the identification of
graft disease was lacking. Future studies are necessary to formulate a model to detect significant
stenoses in arterial grafts noninvasively by velocity-encoded CMR. Such a study may be performed
using the currently presented sequence.

Another application of LIMA flow measurements by CMR is assessment before and after surgical
revascularization to evaluate patency of the graft. Stauder et al. demonstrated the feasibility of a
combined CMR protocol, including contrast-enhanced MR angiography and phase contrast flow
measurements, for assessment of patency in 42 LIMA grafts . The presented CMR flow velocity se-
quence may also be used for this purpose.

Metal clips used in bypass graft surgery formed no obstacle in the present study, since proximal
CMR measurements were performed. Metal clip artefacts did however prevent the acquisition of
distal flow measurements. As CMR imaging gains acceptance as noninvasive follow-up after sur-
gery, MR compatible clips, e.g. titanium clips, may be used at CABG in a standard fashion.

Vein grafts

Vein graft flow velocity has been studied more extensively by CMR in previous studies ¥#272¢, Two
models were described to identify diseased vein grafts yielding a sensitivity and specificity of 94%
and 63%, and 78% and 80%, respectively, using velocity-encoded CMR . Measurement of flow ve-
locity in vein grafts using this sequence was demonstrated to be feasible.

Study limitations

In this study the results in patients are to show the feasibility of the EPI sequence to be used to measure
flow velocity in bypass grafts. A future study validating this sequence to measure bypass grafts flow com-
pared with a prospectively-triggered, breathhold sequence with similar spatial resolution is needed.
Also, artefact sensitivity of EPl was not specifically investigated. Future studies may further focus on
thisissue.
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Conclusion

In conclusion, the presented velocity-encoded CMR sequence allows accurate measurements of ve-
locity in small vessels with good reproducibility, demonstrated by means of a flow simulator. The
presented sequence correlated well with a conventional sequence for measurement of aortic flow
in healthy volunteers. In addition, the feasibility to quantify flow velocity in LIMA and vein grafts was

demonstrated.
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