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Abstract

Purpose: To verify whether Wall Shear Stress (WSS) can be assessed in a
reproducible manner, using automatic model-based segmentation of phase-contrast
MR images, by determination of flow volume and maximum flow velocity
(Vmax) in cross-sections of these vessels.

Materials and Methods: The approach is based on fitting a 3D paraboloid to the
actual velocity profiles and on determining Vmax. WSS was measured in the
internal carotid arteries of two groups of healthy young volunteers.
Reproducibility of rescanning and repositioning was studied in the first group. In
the second group a one-week and a one-month interval was investigated.
Reproducibility was calculated by the intraclass correlation (ICC).

Results: The flow volume, Vmax and WSS averaged over the cardiac cycle were
found to be 287.8 £29.7 ml/min, 37.0 £ 4.6 cm/s and 1.13 £ 0.16 Pa respectively.
The diastolic WSS varied between 1.00 + 0.21 Pa without averaging tot 0.88 £
0.16 Pa with temporal and spatial averaging. Systolic WSS was 1.67 + 0.33 Pa
without averaging and 1.67 £ 0.25 Pa with averaging. ICC varied between 0.58
and 0.87 without averaging and between 0.75 and 0.90 with averaging for WSS.
Conclusion: WSS in MR images of the internal carotid artery can be assessed
semi-automatically with a good to excellent reproducibility without inter- or intra
observer variability using model-based post-processing.
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3.1 Introduction

It is well known that a correlation exists between the presence of atherosclerosis and
arterial Wall Shear Stress (WSS) (1). WSS is defined as the mechanical frictional force
exerted on the vessel wall by flowing blood. WSS (Pa) is defined by the wall shear rate y
(s™") multiplied by the dynamic viscosity 1 (Pa.s). Under the assumption of a parabolic
velocity profile, WSS can be calculated for medium sized vessels such as the common and
internal carotid arteries by means of MRI and ultrasound. For a parabolic velocity profile,
there is a fixed relation between the three parameters diameter, flow and Vmax. When two
out of the three parameters can be determined accurately, it is assumed that WSS can be
assessed with a high accuracy and precision (2,3). It was demonstrated, that individual
flow volume and velocity measurements can be performed non-invasively by phase-
contrast MR flow velocity mapping, by assessing velocity profiles in vessels for different
phases of the cardiac cycle (4,5). An accurate diameter determination of medium sized
vessels, such as the internal carotid artery, is difficult, because of the low image resolution.
Therefore, the other two parameters, being the flow volume and the maximum velocity in
the cross sectional images (Vmax) are crucial when assessing the WSS accurately and
reproducibly.

The assumption of a parabolic velocity profile is valid for small vessels to medium sized
vessels (6) and is widely used for the WSS determination by ultrasound and MRI in the
carotid and similarly sized arteries (2,7,8,910,11). Flow volume and Vmax can both be
assessed during different stages (phases) of the cardiac cycle. Therefore we were capable
to assess the WSS averaged over the cardiac cycle (MWSS), during diastole (DWSS) and
during systole (SWSS). All these parameters can be assessed without inter- or intra
observer variability after one click of the mouse, within the vessel of interest (12). For
diagnostic purposes and for applications in clinical-trails, it is essential to have a high
reproducibility so that the effect of treatment on the WSS can be assessed with sufficient
accuracy (13,14). The goal of this work was to assess the accuracy and reproducibility of
this WSS approach using a population of volunteers.

3.2 Materials and Methods

3.2.1  Study design

A method to assess the WSS in the internal carotid artery in a reproducible and rapid
manner that only needs user-interaction for initialisation was developed and tested. The
method is based on a first approximation of blood flow properties, which is a parabolic
velocity profile (Fig. 1) (2). The blood flow volume, Vmax and WSS were assessed in the
internal carotid arteries in 27 healthy volunteers. A first group of 7 young volunteers (4
males, age 24.9 + 3.5 years) was scanned three times.

To assess the stability of WSS measurements (rescanning) on a given MR system, a
second scan was performed directly after the first one, while the volunteer remained inside
the MR scanner. To assess the influence of repositioning a patient in the MR system,
which may give rise to variation in location and angle of the flow measurement, a third
acquisition procedure was performed after the volunteer left the MR scanner and was
repositioned. For the third scan, new surveys were acquired and the flow measurement was
planned on these new surveys. The second group consisted of 20 young volunteers, (10
males, age 27.4 £ 6.7 years) and was scanned three times. The first follow-up was after one
week, and the second follow-up after 3 to 4 weeks after the initial scan.
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Figure 1. An example of a paraboloid (below) that was fitted to an actual velocity profile (above).

3.2.2  Acquisition procedures

To measure velocity profiles in the internal carotid arteries MR examinations were
performed on a 1.5 T clinical MR system (Gyroscan NT; Philips Medical Systems, Best,
the Netherlands) using a standard head coil. Measurements were performed 4 to 5 cm
above the carotid bifurcation. In the group of 7 volunteers retrospective cardiac gating was
performed by means of a peripheral pulse unit. In the second group of 20 volunteers a
vector ECG was used. In both groups 16 scans (phases) were acquired over the cardiac
cycle. The imaging parameters in both groups were: Echo Time (TE) 9 ms, Repetition
Time (TR) 16 ms, 7.5° flip angle, 5 mm slice thickness, 250 x 188 mm field of view, scan
matrix 256 x 154 and a velocity sensitivity of 100 cm/s in the feet-head direction. The
number of signal averages was 1; the acquired voxel size was 0.98/ 1.22/ 5.00 mm and the
reconstructed voxel size was 0.98/ 0.98/ 5.00 mm. Read-out bandwidth was 48 kHz. Flow
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encoding was interleaved every TR. The scan time was dependent on the heart rate, being
approximately 3 minutes at 60 beats/min.

3.2.3  Quantitative analysis approach

Quantification of WSS from such MR examinations requires a post-processing step to
differentiate the voxels within a vessel’s cross-section from the surrounding background
tissue. To segment the region-of-interest (ROI) automatically and as accurately as possible,
the average velocity profile over the complete cardiac cycle is fitted to a parabolic velocity
profile. The ROI consists out of those voxels where the fitted parabolic profile has a
positive value. The individual blood flow volumes are calculated by the multiplication of
the actual velocity values and the area of the ROI. Inside the ROI, the voxel with the
highest velocity (Vmax) is selected for each time slice. During a velocity-encoded MR
study, phase difference and standard modulus images are acquired at multiple time points
in the cardiac cycle. Since phase images show good contrast, even in the absence of flow,
the analysis algorithm was developed to operate on phase images. The method does not
require manual interaction. The basic steps in the quantitative analysis of the velocity
encoded cine MR imaging studies was carried out with the analytical software package
MRI-FLOW; details were described elsewhere (16). In brief: MRI-FLOW gives the
velocity profiles in cross sectional images and allows addition of contours from which
flow volume and velocities can be assessed.

3.2.4  Automatic flow volume, diameter and WSS assessment for small vessels

To assess the WSS in the internal carotid artery, we have assumed the cross section of the
vessel to be circular and the velocity profile to be parabolic. This parabolic velocity profile
is fitted on the phase image, after initialising the procedure with a mouse click in the vessel
of interest. The fitting procedure with the results for automatic flow estimation is described
in detail elsewhere (12). In brief, it is based on the following principles: an average
velocity image was derived from all data collected over the cardiac cycle. The average
velocity profile was thresholded at the level of 0.43 times the Vmax of the average profile.
Voxels with velocities below this threshold were rejected, and the paraboloid was fitted on
the remaining data. The voxels for which the fitted parabolic velocity profile had positive
flow volumes, were assumed to be inside the vessel. After that the average flow velocity
was calculated by averaging the velocity values from the individual pixels in the
segmented area for each phase in the cardiac cycle. Diastolic flow was assessed by taking
the phase in the cardiac cycle before systole. Systolic flow was assessed by taking the
phase in the cardiac cycle with the highest flow volume. The WSS can be calculated as
follows (3):

WSS =4puVmax/D (1)
where Vmax is the maximum velocity in the cross section and p being the blood viscosity.
Blood is assumed to be a Newtonian fluid and the viscosity is taken as 4.6 mPas (3). The

diameter D of the vessel was calculated from the flow data using the Hagen-Poiseuille
formula (2):

D = sqrt(8Q/Vmax ) )

where Q is the flow volume in m*/s. Combining Eq 1 and Eq 2 yields:
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WSS = p Vmax sqrt(2nVmax/Q) 3)

It has been shown that Q can be assessed with an excellent reproducibility by MRI (12).
Vmax is the most reliable assessable velocity parameter with MRI. Vmax has least noise
and minimal partial volume effects compared to other velocities, which can be measured
with MRI (17). Therefore Eq. 3 was used to calculate the WSS. A quality parameter was
used to examine the difference between the fitted paraboloid and the actual velocity
profile. This quality parameter was defined as the sum of squared differences between the
fitted values and the measurement values divided by the number of voxels inside the
segmented area. The fittings were designated ‘inadequate’ when the difference between the
measurements and the fitting was above a certain threshold. The fit quality was defined as:

RO gqrt(measured velocity-u(x.,y)* , 4

Fit quality=
where ROI is the region of interest being the segmented area. The threshold was 0.63 cm/s,
which means that for 15 voxels the average difference between fit and measurement had to
stay below 0.04 cm/s per voxel. When the fit was characterized as ‘inadequate’ the scan
was excluded (12). In this study the cardiac cycle was divided into 16 time slices (phases).

3.2.5  Statistical analysis

To assess the reproducibility of data in the young individuals, the coefficient of variation
(CV) and the Intra Class Correlation (ICC) were calculated. The CV was defined as
SDgrgp/mean where SDrgp was determined by taking the standard deviation of all the
signed differences of corresponding repeated measurements (18). Thus if
diff=measurementl;-mesurement2; then SDggp = the standard deviation of diff. The ICC is
defined as: (St2/ (S1° + S¢2)), were S’ is the component of variance due to error free
variability among subjects and S.” is the component of variance due to the random
measurement error (19). Also the 95% confidence interval (95% CI) of the ICC was
determined. SPSS was applied to calculate the ICC.

The reproducibility was tested for the flow volume, Vmax , diameter and the WSS data
averaged over the cardiac cycle FlowM, VmaxM, DiamM, MWSS), the diastolic phases of
the cardiac cycle (FlowD, VmaxD, DiamD, DWSS), as well as during peak systole
(FlowS, VmaxS, DiamS, SWSS). For these parameters the standard deviations, CV and
ICC were determined for rescanning, repositioning, baseline to the first follow-up after one
week, and for baseline to the second follow-up after one month. To decrease noise and
increase reproducibility, the diastolic phases and systolic phases were averaged over three
phases. This is indicated by the postfix 3t. Aiming at even more increase in reproducibility
the tests were repeated for averaging over the 4 voxels with the highest Vmax, the results
were indicated by the postfix 4. In case both temporal and spatial averaging were used, this
was indicated by the postfix 3t4.

The Bland-Altman method was applied to illustrate the differences and the standard
deviations of repeated measurements (20). For a Bland-Altman analysis the difference of
two repeated measurements is shown on the y-axis and the average on the x-axis. Two
times the standard deviation of the difference (2*SDggp(d)) is indicated in the graph.
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Rescanning (N=14)

Repositioning (N=13)

Mean + SDyggp CV (%) ICC (95% CI) Mean + SDggp CV (%) ICC (95% CI)

FlowM 273.8 + 18.1 6.6 0.95 (0.85-0.98) 2672+ 15.1 5.7 0.96 (0.87-0.99)
FlowD 208.5+25.0 12.0 0.85 (0.60-0.95) 202.3 £ 16.1 8.0 0.92 (0.76-0.98)
FlowS 409.4+28.9 7.1 0.97 (0.91-0.99) 401.2+45.0 112 0.91 (0.73-0.97)
VmaxM 37.9+3.2 8.4 0.90 (0.73-0.97) 379433 8.7 0.88 (0.65-0.96)
VmaxD 30.0£4.6 15.3 0.76 (0.40-0.92) 30.5+4.1 134 0.68 (0.23-0.89)
VmaxS 543+44 8.1 0.91 (0.75-0.97) 558+7.1 12.7 0.85 (0.59-0.95)
DiamM 5.55+£0.26 47 0.93 (0.79-0.98) 5.46 0,27 49 0.87 (0.63-0.96)
DiamD 5.46+0.42 7.7 0.84 (0.57-0.95) 5314037 7.0 0.75 (0.37-0.92)
Diam$ 5.66 +0.40 7.1 0.85 (0.59-0.95) 5.5+0.33 6.0 0.80 (0.47-0.93)
MWSS 129 +0.16 12.3 0.89 (0.68-0.96) 1.33+0.18 137 0.82 (0.51-0.94)
DWSS 1.04+0.24 23.1 0.71 (0.32-0.90) 1.08 4 0.24 222 0.58 (0.07-0.85)
SWSS 173021 12.1 0.87 (0.65-0.96) 1.81+0.30 16.6 0.77 (0.38-0.92)
FlowD3t 201.0 + 18.9 9.4 0.89 (0.69-0.96) 195.8 + 14.5 74 0.93 (0.78-0.98)
FlowS3t 3747 +21.8 5.8 0.97 (0.90-0.99) 3633 +24.0 6.6 0.96 (0.86-0.99)
VmaxD3t 29.6+3.3 11.1 0.89 (0.70-0.96) 29.5+£39 10.2 0.74 (0.35-0.92)
VmaxD3t 296+33 11.1 0.89 (0.70-0.96) 29.5+3.9 102 0.74 (0.35-0.92)
VmaxS3t 50.4+4.6 9.1 0.86 (0.61-0.95) 50.1+4.9 9.8 0.86 (0.61-0.96)
DiamD3t 5.41+031 5.7 0.91 (0.74-0.97) 5334033 6.2 0.82 (0.52-0.94)
DiamS3t 5.63+035 6.2 0.86 (0.61-0.95) 556+033 59 0.82 (0.52-0.94)
DWSS3t 1.09 +0.21 19.2 0.83 (0.54-0.94) 1.1240.19 16. 0.77 (0.40-0.92)
SWSS3t 1.68+0.23 13.9 0.85 (0.59-0.95) 1.72+£0.26 14.9 0.79 (0.45-0.93)
VmaxM4 34.6+2.8 8.0 0.91 (0.74-0.97) 346428 8.0 0.89 (0.68-0.97)
VmaxD3t4 26.8+2.5 9.3 0.89 (0.68-0.96) 26.6+2.8 10.5 0.81 (0.50-0.94)
VmaxS3t4 46.2+3.5 7.6 0.93 (0.80-0.98) 46.0£4.7 102 0.86 (0.61-0.96)
DiamM4 5794026 44 0.92 (0.78-0.97) 5454025 46 0.89 (0.65-0.96)
DiamD3t4 5.67+031 46 0.90 (0.71-0.97) 5.59+0.32 5.7 0.79(0.44-0.93)
DiamS3t4 5.88+0.30 5.1 0.89 (0.70-0.96) 5.80+0.31 5.3 0.81(0.50-0.94)
MWSS4 1.12+0.13 11.9 0.87 (0.65-0.96) 1.15+0.14 12.0 0.83 (0.54-0.95)
DWSS3t4 0.94%0.16 16.9 0.85 (0.60-0.95) 0.96+0.14 144 0.77 (0.40-0.92)
SWSS3t4 1.4740.18 11.8 0.88 (0.66-0.96) 1.50 £ 0.22 14.9 0.79 (0.44-0.93)

Table 1. The flow volume (ml/min), the maximum velocity (Vmax) in the cross section (cm/s), the diameter (Diam) (mm) and the WSS (Pa) with £
the SDggp, the coefficient of variation (CV) (%) and the Intra Class correlation (ICC) with in between brackets the 95% reliability intervals. The
letters M, S and D refer to mean values over the cardiac cycle, those at end-systole and end-diastole, respectively. The postfix 3t indicates an
averaging over 3 phases in the cardiac cycle. The postfix 4 indicates an averaging over the four central voxels
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3.3 Results

3.3.1 Reproducibility for flow volume, diameter and WSS in individual vessels
The short-term reproducibility was tested in 7 volunteers who were scanned 3 times within
a 1 hour period. The results for rescanning and repositioning are shown in Table 1. The
data for the repositioning analyses showed one large outlier, which was caused by a vessel
where the scan plane in the first scan was not perpendicular to the vessel. This outlier was
removed. The flow volume measurements for both rescanning and repositioning gave an
excellent reproducibility with a small CV. For rescanning the mean (=without averaging +
3t + 3t4) ICC for all parameters was 0.95 and the mean CV was 6.6 %; for repositioning it
was 0.96 and 5.7 %. For VmaxM, DiamM and MWSS the rescanning gave slightly better
results than repositioning. For the VmaxM it was 0.90 with 8.4 % for rescanning and 0.88
with 8.7 % for repositioning. For the DiamM it was 0.93 with 4.7 % for rescanning and
0.87 with 4.9 % for repositioning. For the MWSS it was 0.89 with 12.3 % for rescanning
and 0.82 with 13.7 % for repositioning. When the parameters were determined by
averaging the four central voxels (indicated by the postfix 4) the results were: For
VmaxM4 it was 0.91 with 8.0 % and 0.89 with 8.0 % for rescanning and repositioning
respectively. For DiamM4 it was 0.92 with 4.4 % and 0.89 with 4.6 %. For MWSS4 it was
0.87 with 11.9 % and 0.83 with 12.0 %.

In figure 2 the Bland-Altman method was used to present the measurements for
repositioning. The thick lines indicate 2*SDggp (d) for the results for MWSS4, The thin
lines indicate 2*SDggp (d) for MWSS. The standard deviations are smaller for MWSS4.
Secondly the long term reproducibility was tested in 20 young volunteers (10 males),
average age 26.7 = 7.1 years. The first follow-up was measured after one week and the
second follow-up after 1 month. Measurements without follow-up were excluded from the
analysis. The flow volume, Vmax and WSS with CV and ICC are presented in Table 2. At
baseline one scan could not be used due to data conversion errors. During the first follow-
up 4 scans had data conversion errors, therefore, 30 individual vessels were used for the
analysis. In the second follow-up one scan had errors, leaving 36 individual vessels
available for statistical analysis. No scans were excluded because of insufficient fit-quality.
The CV and ICC for the WSS were generally smaller for one-week follow-up compared to
the second follow-up after one month.

Reproducibility was best for rescanning, followed by follow—up after one week, after that
repositioning and the follow-up after one month gave the smallest ICC. The ICC for the
WSS4 was on average 0.87, 0.80, 0.86 and 0.77 respectively. In figure 3 the Bland-Altman
method was used to present the measurements for repositioning. The thick lines indicate
2*SDggp (d) for the results for MW SS4; the thin lines indicate 2*SDggp (d) for MWSS.
The standard deviations are smaller for WSS4.
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Baseline — 1 week follow up (N=30)

Baseline — 1 month follow up (N=36)

Mean + SDygp CV (%)  ICC (95% CI) Mean + SDyggp CV (%)  ICC (95% CI)
FlowM 29724312 10.5 0.82 (0.65-0.91) 286.7 +30.4 10.6 0.86 (0.75-0.93)
FlowD 196.9 + 44.6 227 0.53 (0.23-0.74) 189.1 + 47.8 253 0.49 (0.19-0.70)
Flow$ 479.3+76.1 15.9 0.73 (0.51-0.86) 462.1 % 69.1 15.0 0.81 (0.65-0.90)
VmaxM 36.1+3.6 10.0 0.84 (0.69-0.92) 36.0+52 14.4 0.61 (0.35-0.78)
VmaxD 28.6+5.1 17.8 0.43 (0.10-0.67) 27.8+6.7 24.1 0.20 (-0.13-0.49)
VmaxS 52.6+7.7 14.6 0.78 (0.60-0.89) 53.1+9.1 17.1 0.65 (0.42-0.81)
DiamM 6.1440.35 5.7 0.84 (0.68-0.92) 6.03+0.33 55 0.86 (0.74-0.92)
DiamD 5.81 +0.63 10.8 0.59 (0.31-0.78) 5.69 % 0.69 12.1 0.52 (0.23-0.72)
Diam$ 6.44 +0.46 7.1 0.77 (0.57-0.88) 6.27+0.41 6.5 0.79 (0.63-0.89)
MWSS 1.15+0.15 13.1 0.89 (0.78-0.95) 1.1740.20 17.4 0.76 (0.57-0.87)
DWSS 0.95+0.22 228 0.64 (0.38-0.81) 0.98+0.19 18.8 0.72 (0.51-0.85)
SWSS 1.5840.28 17.5 0.82 (0.66-0.91) 1.64 +0.36 21.9 0.71 (0.50-0.84)
FlowD3t 2113 +26.8 12.7 0.79 (0.61-0.89) 203.6 +32.3 15.9 0.76 (0.58-0.87)
FlowS3t 4273 +54.0 12.6 0.77 (0.57-0.88) 4107+41.6 10.1 0.87 (0.77-0.93)
VmaxD3t 287433 115 0.81 (0.64-0.90) 28.8+4.3 14.9 0.63 (0.38-0.79)
VmaxS3t 482 +48 10.0 0.83 (0.68-0.92) 48.1+7.4 15.4 0.61 (0.36-0.78)
DiamD3t 5.88 4 0.40 6.8 0.76 (0.55-0.88) 5.78 +0.43 7.4 0.77 (0.59-0.88)
DiamS3t 6.35+0.43 6.8 0.76 (0.56-0.88) 6.22+0.34 5.5 0.84 (0.72-0.92)
DWSS3t 0.97+0.16 16.7 0.82 (0.66-0.91) 0.99+0.18 174 0.77 (0.59-0.87)
SWSS3t 1.47+0.18 12.3 0.89 (0.79-0.95) 1.50+0.30 20.0 0.70 (0.49-0.84)
VmaxM4 33.4+3.1 9.3 0.85 (0.72-0.93) 332444 13.3 0.61 (0.36-0.78)
VmaxD3t4 251429 11.6 0.91 (0.83-0.96) 25.0+3.4 13.6 0.85 (0.73-0.92)
VmaxS3t4 43.0+4.0 9.3 0.96 (0.91-0.98) 432+6.1 14.1 0.89 (0.79-0.94)
DiamM4 6.13+0.34 5.5 0.84 (0.68-0.92) 6.02+0.32 53 0.86 (0.74-0.92)
DiamD3t4 5.8540.42 7.2 0.71 (0.48-0.85) 5.75+0.42 73 0.75 (0.57-0.87)
DiamS3t4 6.3540.43 6.8 0.77 (0.56-0.88) 6.22+0.34 5.5 0.84 (0.72-0.92)
MWSS4 1.00+0.12 12.8 0.90 (0.80-0.95) 1.01£0.16 16.0 0.79 (0.63-0.89)
DWSS3t4 0.83+0.13 15.4 0.82 (0.65-0.91) 0.84 +0.13 154 0.76 (0.58-0.87)
SWSS3t4 1.3440.19 14.4 0.86 (0.72-0.93) 1.36+0.23 17.3 0.75 (0.56-0.86)

Table 2. The data for the follow-ups after one-week and one-month. The flow volume (ml/min), the maximum velocity (Vmax) in the cross section (cm/s),
the diameter (Diam) (mm) and the WSS (Pa) with + the SDggp, the coefficient of variation (CV) (%) and the Intra Class correlation (ICC) with in between
brackets the 95% reliability intervals. The letters M, S and D refer to mean values over the cardiac cycle, those at end-systole and end-diastole, respectively.
The postfix 3t indicates an averaging over 3 phases in the cardiac cycle. The postfix 4 indicates an averaging over the four central voxels.
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Figure 2. The Bland-Altman plot for repositioning. The lines indicate 2*SDggp (d), the full lines are
used for MWSS, the dashed lines indicate MWSS4. Individual measurements are indicated with * for
MWSS and ¢ for MWSS4.
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Figure 3. The Bland-Altman plot for follow-up after one month. The lines indicate 2*SDggp (d), the
full lines are used for MWSS, the dashed lines indicate MWSS4. Individual measurements are
indicated with * for MWSS and ¢ for MWSS4.
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3.3.2  Effects of resolution decrease for flow volume, diameter and WSS in
individual vessels

The effects of resolution decrease by averaging in time (3t), space (4) and time plus space
(3t4) are presented in Table 3 and 4. When all single voxel, single phase measurements are
averaged FlowM=287.8 + 29.7 ml/min, VmaxM=37.1 £ 4.6 cm/s and WSSM=1.22 + 0.19
Pa respectively. DWSS and SWSS were 1.01 + 0.22 Pa and 1.68 £ 0.34 Pa respectively.
To investigate the influence of averaging over 3 phases in the cardiac cycle and over 4
voxels ICC and CV were calculated for all reproducibility measurements for each
parameter. The ICC with the CV for VmaxM based on one voxel and on 4 voxels were:
0.74 with 12.4 % and 0.75 with 11.7 % respectively; for DiamM 0.88 with 6.6 % and for
DiamM4 0.86 with 5.3 %; for MWSS 0.82 with 15.6 % and for MWSS4 0.84 with 14.3 %.
VmaxM4 is lower than VmaxM, DiamM4 is larger than DiamM and MWSS4 is lower
than MWSS. The difference in these parameters was calculated by (parameter-
parameter4)/parameter and was 8.1 % for Vmax. The diameter showed an increase and
thus the difference was -1.7 %. The decrease of the WSS was 13.9 %.

When all CV’s and ICC’s were averaged over all parameters the single central voxel,
single phase gave an average CV of 15.4 % and an average ICC of 71.4 (0.60-0.80); when
the diastolic and systolic phase were averaged over 3 phases (3t) the CV was 12.3 % and
the ICC 79.4 (0.71-0.86); if this averaging in time was combined with the averaging over
the four central voxels (3t4) the average CV was 11.3% and the ICC was 0.82 (0.75-0.88).

34 Discussion

In this study we have investigated the reproducibility of the WSS in the internal carotid
artery. Given the size of the arteries supplying the brain, the accuracy is restricted by the
image resolution. In a previous article, we proposed a fast, user-independent automatic
segmentation approach, which we assume is applicable to the data from any MR-scanner
and flow-protocol (12) based on a pragmatic MR TCBF (=total cerebral blood flow)
acquisition protocol, yielding accurate and reproducible flow volume data. It was assumed
that a parabolic velocity profile is a valid model for the blood flow in the carotid vessels
given its small diameter and the relatively constant flow volume over the cardiac cycle.
The proposed automatic segmentation approach is based on fitting a three-dimensional
parabolic velocity profile to the actual velocity data, thus providing boundary positions for
the vessel of interest. For studies aiming at detecting small changes in WSS, accurate and
reproducible methods are needed.

The method used in this study needs only initialisation by the user and is therefore called
semi-automatic. By one mouse click the user needs only to indicate the vessel of interest.
The method has no inter- or intra observer variability associated with it. In this study we
tested the reproducibility of automated WSS assessment based on the fit of a parabolic
velocity profile. To increase reproducibility three phases during systole and during diastole
were averaged. To increase reproducibility even more the four central voxels were
averaged. With averaging in time and space (3t4) we found a good to excellent
reproducibility (ICC; 95% CI) for rescanning (0.86; 0.60 to 0.95), a good reproducibility
for repositioning (0.79; 0.45 to 0.93), an excellent reproducibility for follow-up after one
week (0.85; 0.71 to 0.93), and a good reproducibility for follow-up after one month (0.75;
0.56 to 0.86) (21).
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Mean + SDggp CV (%) ICC (95% CI) Mean + SDggp CV (%) ICC (95% CI)

FlowD FlowS
Single 198.0 +44.9 22.7 0.68 (0.56-0.78) 4544+ 68.4 15.1 0.73 (0.63-0.81)
3t 205.8+29.3 14.2 0.78 (0.68-0.85) 406.2 +44.0 10.8 0.86 (0.80-0.91)
VmaxD VmaxS
Single 29.0+5.7 19.7 0.45 (0.28-0.60) 54.1 £8.8 16.3 0.72 (0.60-0.80)
3t 29.4+4.0 13.6 0.73 (0.62-0.81) 494+64 13.0 0.74 (0.63-0.82)
3t4 25.8 £4.0 15.5 0.86 (0.80-0.91) 443 +£5.2 11.7 0.91 (0.86-0.94)
DiamD DiamS
Single 5.6 £0.63 11.3 0.63 (0.49-0.74) 6.1 +0.45 7.4 0.82 (0.74-0.88)
3t 5.7+0.39 6.8 0.82 (0.74-0.88) 6.1 £0.38 6.2 0.85 (0.78-0.90)
3t4 6.0 +0.32 53 0.77 (0.67-0.84) 6.1 £0.37 6.1 0.83 (0.76-0.89)
DWSS SWSS
Single 1.01 £0.22 21.8 0.56 (0.40-0.68) 1.68 £0.34 20.2 0.82 (0.74-0.88)
3t 1.03+0.18 17.5 0.78 (0.69-0.85) 1.57+0.26 16.6 0.79 (0.70-0.85)
3t4 0.88 +0.14 15.9 0.79 (0.70-0.85) 1.40+£0.22 15.7 0.80 (0.72-0.87)

Table 3. Effects of the parameters for the diastolic and systolic phase for averaging over 3 phases and over 4 voxels.

Single voxel 4 central voxels
Mean =+ SDggp CV (%) ICC (95% CI) Mean £ SDggp CV (%) ICC (95% CI)
VmaxM 37.1 £4.6 124 0.74 (0.64-0.82) 34.1+4.0 11.7 0.75 (0.65-0.83)
DiamM 59 £0.39 6.6 0.88 (0.82-0.92) 6.0 £0.32 53 0.86 (0.80-0.91)
MWSS 1.22 +£0.19 15.6 0.82 (0.74-0.88) 1.05£0.15 14.3 0.84 (0.77-0.89)

Table 4. Effect of averaging over 4 central voxels for the parameters averaged over the cardiac cycle.

50



Averaging in time improved reproducibility without major effects on the results. The
largest effects were on FlowS, VmaxS and SWSS which decreased 10.6%, 8.7% and 6.5%
respectively. The averaging of Vmax over the four central voxels decreased VmaxM and
WSSM by respectively 10% and 14% but the reproducibility increased. The method with
averaging has successfully been used in several studies with patients (13,14). For studies
with follow-ups or for double blind studies it is beneficial to use the averaging and
calculate WSS4 instead of WSS. In a study with young and elderly volunteers we did show
that we could measure the WSS decline with age but also that a paraboloid can not be used
to subscribe all differences between young and elderly volunteers (22).

When the inertia forces become important in a pulsatile flow, the velocity profile starts to
deviate from a paraboloid. When the Womersley number is large, the deviation from the
parabolic velocity profile is substantial. The Womersley number is defined as
o=R.sqrt(®/v), where R is the radius, o is the frequency of the pulsation and v is the
kinematic viscosity (2,23). When a blood density of 10° kg.m™, a frequency of 1 Hz, and a
diameter of 3 mm is assumed, o = 3.4. If the pressure gradient is always positive there are
only minor distortions from a parabolic velocity profile for this Womersley number. In the
ICA 4 cm distal to the bifurcation there is a forward pressure gradient during the complete
cardiac cycle, so that the velocity profile can assumed to be approximately parabolic.

A drawback of this study was that PPU-gating was used for the rescanning and
repositioning measurements; whereas ECG-gating was used for assessment of the one
week and one month follow-up measurements. This has been caused by unavailability of
vector ECG at the time this study started. By using PPU-gating the peak systolic flow can
be detected after peak flow has occurred in the carotid artery. We expect this to be the
cause of the ratio FlowS/FlowD being 1.97 in the PPU-gated part and 2.43 in the ECG-
gated part.

This study has proven that WSS analyses based on the paraboloid model can give
reproducible results. Gnasso showed that WSS calculation by the paraboloid method has
proven to correlate inversely to age, systolic blood pressure and body mass index (3).
Modelling of the velocity profile by a paraboloid is most commonly applied for echo
Doppler in the common carotid artery. Our MWSS shows very good agreement with echo-
Doppler measurements that have been reported by others (3,10,11). The age of the healthy
male subjects in the reproducibility study of Gnasso et al. was 35.9 + 3.7 years and their
MWSS is 1.27 Pa + 0.22 Pa (3). Samijo et al. found a MWSS of 1.12 + 0.18 Pa (females)
to 1.39 + 0.19 Pa (males) for the group between 20 and 29 years of age (24). The mean age
in our group is 26.8 + 6.0 years and the average MWSS is 1.22 + 0.19 Pa. With spatial
averaging the average MWSS4 is 1.05 £ 0.15 Pa. Thus our results are comparable with the
results of Samijo et al. and Gnasso et al. Also our velocity measurements, which were
averaged over the cardiac cycle, are in good agreement with previously published
observations (3). However, the SWSS we observed was lower than what has been
observed by others using ultrasound. This difference is mainly caused by the Vmax which
in our hands had approximately half the value (54.1 cm/s) as reported previously by
Gnasso et al. (97.1 cm/s) (3). The reason for this discrepancy is probably based on the fact
that our peak systolic velocity is assessed during sampling over 1/16 of the cardiac cycle
(6.25 % =~ 62.5 ms). With Doppler ultrasound the time resolution is much higher and
systolic velocity is measured during the parts of micro-seconds with the highest Vmax.
The standard deviation of our WSS measurements is comparable to echo-Doppler.

WSS assessment with MRI is less commonly applied but Zhao measured WSS in the
internal carotid by Phase-Contrast MRI. Zhao observed for healthy volunteers a MWSS of
1.9 Pa on average for an age group of 30 years and a MWSS of 1.4 Pa for an age group of
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80 years. These values are somewhat higher than those we observed. However Zhao
calculated WSS by the following formula:

WSS=32uQ/nD’ (5)

Due to the limited resolution, the diameter (D) is difficult to measure directly with MRI.
With D to the third power in the denominator large standard deviations can be expected.
Samijo measured the intrasubject intrasession variability with ultrasound (24). His CV is
approximately the same as ours for the SWSS and MWSS. Glor measured the
reproducibility caused by operator dependence of WSS assessment with the Finite Element
Method. The error in WSS was 21%, which means that our method is superior in
reproducibility (25). In another study Glor compared WSS calculations based on MRI and
ultrasound (26). Both his and our results indicate that the WSS with echo-Doppler and
with MRI are of similar precision. However Glor’s method is not automated (26). Echo-
Doppler has the advantage of a high temporal resolution, but MRI is able to assess also
WSS in vessels deeper into the body (7,9). Both MRI and echo-Doppler are sensitive to
angulation. For echo-Doppler the angle between the major flow direction and the
transducer has to be between 44° and 56°. For MRI the measured cross section of the
vessel has to be perpendicular to the major flow direction. A possible extension of this
method for MRI is that MWSS can also be assessed for untriggered MR measurements.

In conclusion: The method proposed in this study permits rapid, semi-automatic WSS
measurements in the internal carotid artery. With this method WSS measurements based
on a standard MR acquisition technique can be incorporated in clinical MRI protocols. The
advantages of this automatic method over manual methods are shorter analysis time, the
absence of inter- and intra- observer variability and a better reproducibility.
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