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AUDIENCE: Researchers, radiologists, and clinicians who are interested in diffusion MRI, especially, in intravoxel incoherent motion (IVIM) 
imaging. 
PURPOSE: Images of the brain acquired with diffusion-weighted MRI (DWI) have partial-volume effects of cerebrospinal fluid (CSF), which 
should be removed in estimating diffusion coefficient and IVIM perfusion parameters accurately. To remove the contamination of CSF, T2-perpared 
inversion recovery (IR) acquisition was proposed recently.1 However, the signal from blood and brain also suppressed in IR-prepared acquisition. We 
use here a method to estimate and exclude CSF signal in IVIM imaging by use of IR-preparation only for images with b of 1000 [s⋅mm-2] and without 
diffusion weighting (b = 0).2 
METHODS:  
Two healthy volunteers were scanned with a 3-T MR unit (Magnetom Trio A Tim system, Siemens Healthcare) with 32-ch head coil. A spin-echo 
echo-planar sequence with bipolar motion-proving gradients was used for DWI. The basic imaging parameters were: slice thickness = 6 [mm]; 
spacing between slices = 9 [mm]; number of slices = 14; acquisition matrix = 64×64; FOV = 230 [mm]; b = 0, 50, 100, 200, 600, 800, 1000 [s⋅mm-2]. 
Imaging parameters of IR-prepared DWI (IRDWI) were: TR/TE = 8/0.064 [s] and TI = 2.25 [s]. Imaging parameters for IVIM DWI (IVIMI) were: 
TR/TE = 3/0.064 [s]. A 3-compartment (brain tissue, blood, and CSF) model was considered including diffusion kurtosis of brain tissue (Kt). 
Definition of parameters 
Longitudinal relaxation rates: R1t for brain tissue, R1b = 0.58 [s-1] for blood,3 R1w = 0.234 [s-1] for CSF.4 
Transverse relaxation rates: R2t for brain tissue, R2b for blood, R2w for CSF. 
Apparent diffusion coefficients: Dt for brain tissue, D* for blood, Dw = 0.00302 [mm2⋅s-1] for CSF (free water).5 
Constants proportional to proton density: m0t for brain tissue, m0b for blood, m0w for CSF. 
Signal obtained with DWI can be expressed as: SDWI(m0, R2, R1, D, K, b) = m0 Er2 Eb (1 + (1 – 2 eR1 TE/2) Er1), where Er2 = e–R2 TE,  
Eb = e–bD + K bbDD/6, Er1 = e–R1 TR. Signal for IRDWI: SIRDWI(m0, R2, R1, D, K, b) = m0 Er2 Eb (1 – 2 α e–R1 TI + (1 – 2 α – 2 (1 – 2 α) eR1 TE/2) Er1), where 
α is the efficiency of inversion (0.95 was assumed). Because m0 Er2 always appears, we define m2 = m0 Er2. 
We adopt a 3-compartment model so that the signal obtained with DWI can be expressed as:  
 SDWIb = SDWI(m2w, R1w, Dw, 0, b) + SDWI(m2b, R1b, D

*, 0, b) + SDWI(m2t, R1t, Dt, Kt, b),  
and that with IRDWI: SIRDWIb = SIRDWI(m2w, R1w, Dw, 0, b) + SIRDWI(m2b, R1b, D

*, 0, b) + SIRDWI(m2t, R1t, Dt, Kt, b). 
Data processing 
To fit the model with 7 parameters (m2w, m2b, m2t, R1t, Dt, D

*, and Kt) to the observed data, the following procedure 1 to 4 was repeated iteratively. 
1. Estimation of R1t using images of IVIMI and IRDWI with b = 1000 [s⋅mm-2] 
Because SDWI1000/SIRDWI1000 depends only on R1t and m2w/m2t on the assumption that SDWI1000 contains no signal from blood, we can estimate R1t from 
the observed ratio if m2w/m2t is given (0, initially). 
2. Estimation of partial-volume averaging with CSF (m2w/m2t) using images of IVIMI and IRDWI with b = 0 
Because the ratio, SDWI0/SIRDWI0, depends only on m2w/m2t and m2b/m2t after R1t is obtained, we can estimate m2w/m2t from the observed ratio if m2b/m2t 
is given (0, initially). 
3. Estimation of m2t, Dt, and Kt, using images of IVIMI with b ≥ 200 [s⋅mm-2] 
When m2b/m2t is given (0, initially), we can estimate Dt, Kt, and m2t, by fitting the model to SDWIb≥200.  
4. Estimation of m2b/m2t, D

*, Dt, and Kt, using all images of IVIMI 
5. To confirm the results, signals of IRDWI (0<b<1000 [s⋅mm-2]) were calculated from the estimated model and compared to the observed signals. 
RESULTS: 
Estimation of partial-volume averaging with CSF  
Fig 1 shows m2w/m2t map, in which the pixels with m2w/m2t>1 are nulled. 
Estimation of IVIM perfusion parameters  
Fig 2 shows (m2b/m2t) D

* map, which may be proportional to the cerebral 
blood flow. 
Accuracy of the model  
Fig 3 shows a comparison between the observed and calculated signals of 
IRDWI. 
DISCUSSION: 
IVIM imaging of the brain requires both high signal to noise ratio and 
exclusion of partial-volume effects of CSF. This may be achieved by 
addition of IRDWI for b = 0 and 1000 [s⋅mm-2].  
CONCLUSION: 
Addition of IRDWIs with b = 0 and 1000 [s mm-2] may be useful for 
removing contamination of CSF in IVIM imaging of the brain; it keeps 
signal to noise ratio with the additional short scan time (< a few minutes).  
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Fig 1: m2w/m2t. 

 
Fig 2: (m2b/m2t) D

* with a Gaussian filter: FWHM = 8 mm. 

 
Fig 3:  Signals of IRDWI (b = 100 and 200 [s mm-2]) observed vs. 
those calculated from the present model. 

 
Signals calculated from the present model. 
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