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Fig. 1. A pair of velocity images of a flow phantom obtained by reversing the polarity of the Gz gradient.

The scan plane is limited to that prescribed by 2=0, and the flow encoding axis coincides with the z-axis of the

magnet. These images have flow-encoding directions opposite to each other (superior to inferior versus inferior to

superior), whereas they show similar backgrounds caused by the Maxwell term phase errors, which distribute

symmetrically in the form of a quadratic function.
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Fig. 2. Schematic explanation of the opposite directional flow-encoding (ODFE) technique.

ROI A and ROI B placed on the spatially corresponding positions of the two velocity images, have the same non-
linear background (BG) induced by Maxwell term phase errors. Half of the difference between the two ROI values
gives the corrected mean velocity (CMV) which is free from the background bias caused by the phase errors. A
volume flow rate can be obtained by multiplying the CMV by the ROI area.
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Fig. 4. Measurement of the CSF volume flow rate in the aqueduct using cine phase-contrast (PC) imaging with

the ODFE technique.

With cine PC mode, 16 pairs of axial velocity images including the mid-portion of the aqueduct are acquired by

reversing the polarity of the Gz gradient. 16 CMV’s are obtained from the 16 pairs of ROI values, and a continuous

time-velocity curve is generated with use of eight harmonics derived from Fourier analysis of the time versus CMV

data. The volume flow rate is calculated from the ROI area, heart rate and the integral of the curve.
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Fig. 5. Parameters (flow parameters) used for the numerical evaluation of time-velocity curves.
AFR, absolute flow rate; C, caudal flow rate in a cardiac cycle; R, rostal flow rate in a cardiac cycle; LFI, low fre-

quency index; HFI, high frequency index; Am(n), the amplitude of the n-th harmonic.
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Table 1. Estimated volume flow rates of the phantom with the ODFE technique and two conventional methods.

Method of flow measurements

Statistical significance

ODFE SM BSM (HS: p<0.01, S: p<0.05)
Mean EAR+SD 0.988+0.038 1.157£0.105 0.924£0.046  ODFE vs. SM (HS), ODFE vs. BSM (HS),
SM vs. BSM (HS)
Mean APE=£SD (%) 3.49+1.78 15.67+10.50 10.67%5.70 ODFE vs. SM (HS), ODFE vs. BSM (HS)
CVear (%) 3.85 9.08 4.98

ODFE: Opposite directional flow-encoding technique, SM: Simple method, BSM: Background subtraction method

EAR: estimated flow rate/actual flow rate, APE: absolute percentage error, CV: coefficient of variation

Table 2. Effect of ROI size variation on the accuracy of flow measurements with the ODFE technique.

ROI size (mm?)

Statistical significance

o8 38 50 63 (HS: p<0.01, S: p<0.05)
Mean EAR+SD 0.988+0.038 1.008+£0.048 1.001+0.075 1.068+0.068 28 vs. 63 (HS), 38 vs. 63 (HS)
Mean APE£SD (%)  3.49+1.78  347£330 530+491  7.82%509 28vs.63(S), 38 vs. 63 (S)
CVear (%) 3.85 4.76 7.49 6.37

EAR: estimated flow rate/actual flow rate, APE: absolute percentage error, CV: coefficient of variation

Table 3. Effect of measuring position on the accuracy of flow measurements with the ODFE technique.

Measuring position

Statistical significance

Cent. R50 L 50 A 50 P50 (S: p<0.05, NS: not significant)
Mean EAR+SD 0.987+0.055 0.989+0.031 1.020%0.059 0.981£0.057 1.003+0.050 NS
Mean APE+SD (%) 5.00£2.04 263+184 525305 501+2.89 3.95+2.84 Centvs. R50 (S), R50 vs. L50 (S),
R50 vs. A50 (S)
CVear (%) 5.55 3.15 5.83 5.78 5.02

EAR: estimated flow rate / actual flow rate, APE: absolute percentage error, CV: coefficient of variation
Cent.: center of FOV, R 50: 50mm right to Cent., L. 50: 50mm left to Cent., A 50: 50mm anterior to Cent,

P 50: 50mm posterior to Cent.

Table 4. Effect of flow-obliquity on the accuracy of flow measurements with the ODFE technique.

Flow-obliquity (degree)

Statistical significance

0 15 30 45 (NS: not significant)
Mean EAR+SD 1.082£0.076 1.080£0.033 1.079+0.051 1.120+0.053 NS
Mean APE£SD (%) 8.73+6.82 8.04+3.25 7.9414.95 12.01+5.31 NS
CVEar (%) 6.99 3.01 4.70 4.74

EAR: estimated flow rate/actual flow rate, APE: absolute percentage error, CV: coefficient of variation
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Table 5. Flow parameters in healthy volunteers and patients

AFR(ml/min) LFI HFI
Norm 4.418+1.485 0.282+0.064 0.060£0.025
VD 3.233+1.067 0.483+£0.161 0.179%£0.096
INPH 14.298+6.115 0.344%0.117 0.070+0.029
SNPH 17.729%£6.733 0.171+0.065 0.067£0.018
AT 3.664£1.169 0.288+0.070 0.149+0.051

Data are the mean=+SD.

Norm: healthy volunteer, VD: ventricular dilatation, INPH: idiopathic normal pressure hydrocephalus,

SNPH: symptomatic normal pressure hydrocephalus, AT: brain atrophy,

AFR: absolute flow rate, LFI: low frequency index, HFI: high frequency index

* %k *
* % ' ! ! * % *%
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Fig. 6. AFR’s (a), LFI's (b) and HFT’s (c) in the healthy volunteers and the patient groups.
Norm, healthy volunteers; VD, ventricular dilatation; INPH, idiopathic normal pressure hydrocephalus; SNPH,

symptomatic normal pressure hydrocephalus; AT, brain atrophy.
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Table 6. Comparisons of the flow parameters derived from different sized ROI’s.

ROI size (mm?2)

Statistical significance

25 38 50 (NS: not significant)
AFR (ml/min) 4.914+0.122 4.949+0.157 5.09410.335 NS
LFI 0.234+0.007 0.223£0.020 0.239x0.010 NS
HFI 0.030+0.003 0.029%0.005 0.034£0.006 NS

Data are the mean=SD. AFR: absolute flow rate, LFI: low frequency index, HFI: high frequency index

%
Hz %
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AFR = 2.426ml/min
LF1 =0.389
HFI =0.028

5 T Rostal flow

Fig. 7. Time-velocity curve and corresponding spectrum obtained from the aqueduct of a healthy volunteer.

Open circles are time versus velocity data from the first scan and filled circles are data from the second scan.

Crosses are CMV’s calculated from 16 pairs of time-velocity data. Note that both the open and filled circles are
shifted upward by the background bias due to Maxwell term phase errors. Solid line is the time-velocity curve

generated by Fourier fitting.
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Fig. 8. Time-velocity curve and corresponding spectrum obtained from a patient of the VD group.
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Fig. 9. Time-velocity curve and corresponding spectrum obtained from a patient with INPH.
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Fig. 10. Time-velocity curve and corresponding spectrur obtained from a patient with SNPH secondary to sub-

arachnoid hemorrhage.
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Fig. 11. Time-velocity curve and corresponding spectrum obtained from a patient of the AT group.
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Analysis of Cerebrospinal Fluid Flow in the Aqueduct using Cine
Phase-Contrast Imaging: Efficacy of a New Technique to Correct

the Maxwell Term Phase Errors and Fourier Analysis

Takayuki SUZUKI

Department of Radiology, Hiroshima University School of Medicine
(Director: Prof. Katsuhide ITO)

Cerebrospinal fluid (CSF) flow through the aqueduct was studied using cine phase-contrast (Cine-PC)
imaging. To increase the precision of velocity measurements, the author employed “opposite directional
flow-encoding (ODFE) technique” which could eliminate the influence of the Maxwell term phase errors on
ROI analyses of velocity images.

Various experiments using a flow-phantom proved that the ODFE technique could estimate low flow
rates (around 7 ml/min) with great accuracy (absolute percentage error=3.49+1.78%).

In clinical study, CSF flow were analyzed in 8 healthy volunteers (Norm) and 27 patients consist of 6
with unclassifiable ventricular dilatation (VD), 8 with idiopathic normal pressure hydrocephalus (INPH), 6
with symptomatic normal pressure hydrocephalus (SNPH), and 7 with brain atrophy (AT). For each case,
time-velocity curve was generated using Fourier fitting of 16 time-velocity data obtained by Cine-PC imaging
with the ODFE technique, and three flow-related parameters (AFR: absolute flow rate, LFI: low frequency
index, and HFT: high frequency index) were derived and were compared between disease groups.

The AFR was remarkably higher in INPH and SNPH groups than other groups. The LFI was significant-
ly higher in VD group than in Norm, SNPH and AT groups, and was significantly lower in SNPH group than
in Norm, INPH and AT groups. The HFI was significantly higher in VD and AT groups than in Norm, INPH
and SNPH groups.

In conclusion, the analysis of CSF flow through aqueduct using Cine-PC imaging with the ODFE tech-

nique is useful for us to make differential diagnosis of the disease with ventricular dilatation.
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