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Abstract. Diffusion metrics are typically biased by Cerebrospinal fluid
(CSF) contamination. In this work, we present a deep learning based
solution to remove the CSF contribution. First, we train an artificial
neural network with synthetic data to estimate the tissue volume fraction. Second, we use the resulting network to predict estimates of the
tissue volume fraction for real data, and use them to correct for CSF
contamination. Results show corrected CSF contribution which, in turn,
indicates that the tissue volume fraction can be estimated using this joint
data generation and deep learning approach.
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Introduction
Cerebrospinal fluid (CSF) partial volume contamination poses a problem for detecting changes in tissue microstructure [1], biasing the diffusion measurements
and derived metrics. CSF is mostly composed of free water, with isotropic diffusion and diffusivity three times bigger than parenchyma [2].
FLAIR DWI [3] tackles the problem suppressing the CSF signal during acquisition, at the cost of low SNR and longer acquisition times. Post-processing
solutions have focused on fitting a bi-tensor model; yet, this is an ill-posed problem with several regularizations [1][2][4][5][6][7].
In this work, we hypothesize and show that artificial neural networks (ANN)
can estimate the tissue volume fraction from the diffusion signal. Then the CSF
contribution can be corrected.

Methods
Theory: CSF has isotropic diffusion with diffusivity DCSF = 3 × 10−3 mm2 /s
[2] and can be computed from b:
SCSF = e−bDCSF ,

(1)
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The measured signal is the contribution of CSF and tissue (parenchyma)
components:
S = f · Stissue + (1 − f )SCSF .

(2)

Eq. 2 is ill-posed since Stissue and its volume fraction, f , are unknowns. In
this work, we present a deep learning approach that uses ANNs to estimate f ,
regularizing the problem:
Stissue =

S − (1 − f )SCSF
.
f

(3)

Generation of synthetic data: The training dataset were designed to teach
the ANN to detect CSF-like components mixed with a random signal (Fig. 1).
CSF signal was derived from Eq.1 and acquisition parameter b. Tissue signal
was randomly generated to simulate undetermined directions. The generation
steps were:
1.
2.
3.
4.
5.

training
was computed (Eq. 1).
SCSF
training
Stissue
was randomly created simulating arbitrary directions: U (0, 1).
f was randomly generated: U (0, 1).
S training was computed (Eq. 2).
The ANN was trained with input to match the output (Fig. 2).

Free water elimination: For comparison, we trained [8] five ANN architectures in MATLAB (MathWorks, Natick, MA) for datasets with 32 directions
(one shell) and 64 directions (two shells), (Fig. 2). We chose the best performing
ANNs and compared them against Pasternak’s [4] and Hoy’s [6][9] methods.
Data acquisition: A volunteer went under a diffusion acquisition (GE 3T
MR750w, Milwaukee, WI) with 30 directions; 2 shells: b = 500, 1000 s/mm2 ;
four b = 0 s/mm2 ; TR/TE = 8000/80 ms; FOV = 200 mm; resolution 128x128;
ASSET = 2; and 25 slices with 3.6 mm thickness and no gap.
Pipeline:
1.
2.
3.
4.
5.
6.

Diffusion measurement.
Synthetic data generation from the experimental b (Fig. 1).
ANN training.
Volume fraction estimation: AN N (S) → f .
Computation of Stissue (Eq. 3).
Fitting of the tensor model [10][11] on Stissue .

Results
The five ANN architectures (Fig. 2) showed similar performance (Fig. 3). ANNs
trained for two shells (ANN2s) outperformed those for one shell (ANN1s), due
to the better CSF encoding of two shells protocols. The best performing ANNs
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were L=2 and L=3 for one and two shells respectively, suggesting a potential
coupling between the number of hidden layers and shells.
DTI metrics after ANNs correction showed differences depending on the number of shells. ANN1s estimated larger volumes of CSF than ANN2s (Fig. 4c),
that resulted in larger FA (Fig. 4a) and lower MD (Fig. 4b) estimates. This
difference on the f estimate might be explained by the limited CSF information
contained in the single shell protocol. MD values for ANN2s (Fig. 4b) agreed
with the reference [2].
ANNs kept the anatomical integrity of the FA, MD, and fCSF maps (Fig. 5).
We observed the CSF correction in the enlargement of the corpus callosum and
fornix, and a general increment of FA in white matter, compared to the standard
DTI (Fig. 5a,c,e,f). CSF contribution was accurately removed from MD maps,
especially for ANN2s (Fig. 5g,h,k,l). ANNs1 and ANNs2 differ on the f estimate
in white matter (Fig. 5m,o), as previously explained.

Discussion
ANNs trained with synthetic data are capable of estimating the tissue volume
fraction from the measured diffusion signal. Their correction is equivalent to
well-established methods: Pasternak et al. and Hoy et al. (Fig. 4 and Fig. 5).
Using ANNs has a performance advantage. Their training time is in the order
of ten minutes and once trained they can be used for any data acquired with
the same protocol. CSF correction is faster than traditional methods. For one
shell, Pasternaks method ran for 38.4s and ANN1s for 0.7s (55x). For two shells,
Hoys method ran for 392.5s and ANN2s for 1.3s (302x). Besides, to improve
the accuracy, one can carefully design the training dataset to mimic only tissue
characteristics (here it is random), or incorporate prior knowledge of the biexponential problem and noise model into the learning process [12].

Conclusions
This is the first application of ANNs to remove CSF contamination. We proved
that tissue volume fraction can be estimated by ANNs trained with synthetic
data, creating a new tool for free water elimination.
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Fig. 1. Generation of synthetic data. The vectorization of the diffusion MRI signal
along the diffusion directions (B) shows a tissue dependent pattern. SCSF is characterized by Eq. 1 and can be calculated from the diffusion protocol (b values). Stissue
depends on the tissue anisotropy and acquired directions, thus it cannot be predicted.
We represented Stissue as a uniformly distributed signal, U (0, 1), with maximums where
b = 0 s/mm2 . Tissue volume fraction, f , was also generated uniformly, U (0, 1). Finally,
S training was computed as in Eq. 2, and presented to the input of the ANN, and f to
the output for training (Fig. 2).
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Fig. 2. ANN architectures. Five architectures with L = 1–5 were tested to determine
their performance. For L = 1 hidden layer, I1 =I0 /3. For L = 2 hidden layers, I1 = I0 /2
and I2 = I0 /4. For L = 3 hidden layers, I1 = I0 /2, I2 = I0 /3 and I3 = I0 /4. For L
= 4 hidden layers, I1 = I0 /2, I2 = I0 /3, I3 = I0 /4 and I4 = I0 /5. For L = 5 hidden
layers, I1 = 2 × I0 /3, I2 = I0 /2, I3 = I0 /3, I4 = I0 /4 and I5 = I0 /5. The number
of inputs, I0 , matched the number of diffusion directions and non-diffusion-weighted
volumes. In these experiments, we used I0 = 32 for one shell and I0 = 64 for two shells.
One million signal combinations and volume fractions were generated for training, 20%
were separated for validation and 20% for testing.
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Fig. 3. Performance comparison for the five ANN architectures. We generated
5000 artificial diffusion signals for FA = 0–1 and f = 0–1. They were mixed as in Eq. 2
and Fig. 1 and presented to the trained ANNs to estimate fˆ. We plot the error (f − fˆ)
of the estimated volume fraction (fˆ) against its true value (f ), their correlation (ρ),
and the standard deviation of the error (σ). For ANN1s, we found the largest ρ and
minimum σ for L = 2; and L = 3 for ANN2s. We used L=2 for the one shell and L=3
for two shells for in vivo experiments.
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Fig. 4. Comparison of FA, MD and f histograms. FA (a) and MD (b) were
consistent for standard DTI of one and two shells, fixing a common reference. ANN1s
showed larger correction of FA. Hoys method did not correct FA = 0.15–0.45. ANN2s
and Pasternaks method showed stable correction for all FA values. However, ANN1s
and Pasternaks method suffered from over regularization of MD (b), with peaks off the
reference (0.7 mm2 /s). Volume fraction estimates (c) for ANN1s and Pasternaks were
similar, but the later struggled to estimate small f . ANN2s estimated less CSF volume
(c) in white matter than other methods (Fig. 5o).

VIII

ANN
1 shell

Pasternak et al.
1 shell

b

Hoy et al.
2 shells

c

Standard DTI
1 shell

d

e

Standard DTI
2 shells

f

FA

a

ANN
2 shells

0

0.5

1

0.5

1

2

3

0.5

1

2

3

n

0

0.5

1

2

3

o

0

0.5

1

2

3

0

0.5

×10-3

0

1

l

×10-3

0

1

k

×10-3

0

1

j

×10-3

0

1

1

2

3

×10-3

0

1

2

3

p

fCSF = 1 − f

m

0

i

×10-3

0

1

h

MD [mm 2/s]

g

0

0

0.5

1

0

0.5

1

0

0.5

1

0

0.5

1

Fig. 5. Comparison of FA, MD and fCSF maps. ANNs maps showed anatomical
coherence with standard DTI, Pasternaks and Hoys methods. We observed an enlargement of the corpus callosum and recovery of the fornix in FA for all the methods (a-d)
comparted to the standard (e-f). CSF contribution was removed from all the MD maps
(g-j vs k-l). MD maps for two shells methods (i-j) contained more information than one
shell (g-h). Single shell methods (m-n) showed a larger CSF volume estimate in white
matter. ANN2s estimated a lower and more homogeneous CSF volume (o) than Hoys
(p) in white matter.

