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Introduction 
Principal driving forces of cerebrospinal fluid (CSF) dynamics has not been 
understood completely1. Yamada et al. have reported that travel of CSF can be 
visualized by means of a spin labeling technique called time-Spatial Labeling 
Inversion Pulse (Time-SLIP)2. Literatures related to phase-contrast (PC) based 
four-dimensional velocity mapping (4D-VM) analyses were being published 
recently3-5, since the technique is useful to visualize spatiotemporal CSF motion. 
However, cine images obtained by 4D-VM are difficult to be used for 
understanding particular dynamics because of the complexity of the CSF motion. 
Therefore a quantitative analysis technique to “freeze” the dynamics was required, 
and thus a novel technique called correlation mapping was proposed6-8. This 
technique consists of two parts, delay time mapping and maximum correlation 
mapping. The former technique presented delay time of propagation of the pulsatile 
CSF motion from a particular reference point in the CSF space or artery. As CSF is 
uncompressible, the presence of propagation delay indicates the presence of 
compliance in the CSF space. Moreover the maximum correlation mapping will tell 
us the similarity of the spatiotemporal CSF velocity pattern: The maps will indicate 
the presence of compliance in the CSF pathway. When the reference point is placed 
in blood flow and the other points in CSF are observed, this technique will give 
information about the pressure propagation from blood flow to CSF motion. 
Although a similar technique for analyzing the blood flow of middle cerebral artery 
in brain has been reported previously based on contrast-enhanced X-ray CT 
images9, to our best knowledge, the present study is the first to observe these 
correlation-related maps in the CSF velocity fields taken by non-contrast enhanced 
MR images. Purpose of this study is the difference of CSF motion between healthy 
volunteers and patients with normal pressure hydrocephalus (NPH) was examined 
by applying the correlation mapping techniques. 
 Methods 
Correlation mapping The proposed technique works under the assumption that 
CSF is driven by pressure propagation from blood vessels and/or brain parenchyma 
and that CSF itself can be the media of such pressure propagation. The algorithm is 
based on the delay time of the flow velocity waveforms between a reference point 
and an arbitrary point in CSF space. First, spatiotemporal CSF and blood flow 
velocity distributions were obtained by PC MR velocimetry. Then the waveform of 
CSF or blood flow in a particular point in space was selected as a reference point. 
A waveform at an arbitrary point was assumed to have a delay from that at the 
reference point as pressure transmits with time. The delay time was calculated as 
the correlation delay, or the amount of time shift, for the arbitrary waveform to 
have the highest correlation coefficient with the reference waveform as shown Fig. 
1. The correlation coefficient was calculated with the following equations, which 
are different from those used in the pulsatility-based segmentation (PUBS)10 in that 
the velocity waveform at the arbitrary location was shifted for a certain amount, d;  
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where Pd is the correlation coefficient with the delay time index d, VR is the 
velocity of the reference waveform, VAk-d is an arbitrary velocity and shifted for d 
points with respect to the original, k is the time index, and N is the total number of 
data points, and thus the number of images, within a cardiac cycle. The most 
important variable derived from equation (1) is the delay time, dmax giving the 
maximum value of Pd, because this tells the delay in the propagation of CSF. The 
maximum correlation coefficient yielded by dmax, denoted as Pdmax, is also 
important since this represents the strength of the similarity between the reference 
and the target flows. dmax and Pdmax  were obtained for all the voxels in the CSF 
space. Thus the distributions of dmax and Pdmax were visualized in color scales. 
Volunteer experiments The correlation mapping was applied to 5 healthy 
volunteers of 23 to 57 (39 ± 15) years old, and 5 patients with NPH of 65 to 85 (76 
± 7) years old. The volunteer study was approved by the institutional review board 
(IRB), and appropriate informed consent was obtained. The 4D-VM were obtained 
with the following conditions; flow encode directions, IS, RL and AP; TR, 6.6-13.7 
ms; TE, 4-7.1 ms; FA, 20o; FOV, 28 × 28 cm2; Acquisition matrix, 320 × 320; 
VENC, 5 (for CSF in the normal volunteers), 20-60 (for CSF in the NPH patients), 
100 (for blood flow) cm/s; slice direction, sagittal. Images were acquired at 32 
temporal points per a cardiac cycle and were retrospectively reconstructed. 
Reference point of the correlation mapping was set at the basilar artery. Correlation 
mapping was analyzed for the vector summation in each voxel because the 
direction of CSF motion in each location may differ. Color-coding of delay map 
shows a fraction of a cardiac cycle. Statistical analysis was performed for the 
percentile of high correlation coefficient (Pdmax>0.7) region in the CSF space of the 
maximum correlation map. Although 4D-VM was performed, correlation mapping 
is shown as 2D image in this study. 
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Results 
Typical examples of delay maps (a, b) and maximum correlation 
maps (c, d) are shown in Fig. 2. The maps (a, c) are of a healthy 
volunteer (heart rate 57) and (b, d) are of a NPH patient (heart rate 
81). Maximum correlation maps (c, d) showed different correlation 
distribution. Result of statistical analysis of the maximum correlation 
maps is shown in Fig. 3. There was significant difference (p < 0.05) 
between healthy volunteers and NPH patients. 
Discussion and conclusion 
Delay maps in Fig. 2 showed propagation property of CSF. Delay 
time distribution of the map (b) seemed to be more scattered than 
that of the map (a). This indicates that NPH status changes the CSF 
circulation property. On the other hand, maximum correlation map 
(c) appeared to have higher correlation over a wide region in the CSF 
space than the map (d). Such result was observed in all the healthy 
and NPH groups. In addition, as shown Fig. 3, there was a significant 
difference between both groups. This means that the maximum 
correlation mapping applied to the arterial blood might have the 
ability for classifying hydrocephalus.  
    In conclusion, the maximum correlation mapping may be useful 
for visualizing the CSF circulation properties, which are possibly 
effective for classifying hydrocephalus or the other brain diseases. 
The delay time mapping may also be useful for clarifying the driving 
force of the CSF motion by placing the reference point in various 
locations. The usefulness of the present correlation mapping 
techniques for diagnosis of a disease with CSF circulation 
abnormalities should be justified by a larger number of subjects. 
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Fig.1 Schematic diagram 
of the delay time 
calculation. Orange line is 
the waveform of velocity 
at a reference point, and 
green line is a waveform 
obtained at an arbitrary 
point in CSF space. The 
amount of time shift (dmax) 
to maximize the 
correlation (Pdmax) between 
the reference waveform 
and the waveform at an 
arbitrary point was defined 
as the delay time. 

 
 

 

Fig.2 Delay maps (upper raw) and maximum 
correlation maps (lower raw) in a healthy volunteer 
(left) and a NPH patient (right) with the reference 
point set at basilar artery indicated by black arrows. 

 Fig.3 Percentiles of the area with high correlation coefficient (Pdmax>0.7) in the 
CSF space. There is significant difference between healthy volunteers and NPH 
patients (p < 0.05). 
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