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                    Abstract
Introduction
White matter hyperintensities (WMHs) are regions of abnormally high intensity on T2-weighted or fluid-attenuated inversion recovery (FLAIR) magnetic resonance imaging (MRI). Accurate and reproducible automatic segmentation of WMHs is important since WMHs are often seen in the elderly and are associated with various geriatric and psychiatric disorders.
Methods
We developed a fully automated monospectral segmentation method for WMHs using FLAIR MRIs. Through this method, we introduce an optimal threshold intensity (I
                           
                    O
                  ) for segmenting WMHs, which varies with WMHs volume (V
                           WMH), and we establish the I
                           
                    O
                  –V
                           WMH relationship.
Results
Our method showed accurate validations in volumetric and spatial agreements of automatically segmented WMHs compared with manually segmented WMHs for 32 confirmatory images. Bland–Altman values of volumetric agreement were 0.96 ± 8.311 ml (bias and 95 % confidence interval), and the similarity index of spatial agreement was 0.762 ± 0.127 (mean ± standard deviation). Furthermore, similar validation accuracies were obtained in the images acquired from different scanners.
Conclusions
The proposed segmentation method uses only FLAIR MRIs, has the potential to be accurate with images obtained from different scanners, and can be implemented with a fully automated procedure. In our study, validation results were obtained with FLAIR MRIs from only two scanner types. The design of the method may allow its use in large multicenter studies with correct efficiency.
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Appendix
Appendix

                  Theoretical model I
                
For a simple approach to the first model of our classification problem, let us consider two voxel classes with normally distributed intensities that correspond to normal tissue, [N(μ
                           
                    N
                  ,σ
                           
                    N
                  )], and WMHs, [N(μ
                           
                    H
                  ,σ
                           
                    H
                  )], respectively (Fig. 2a). According to Jack et al. [38], μ
                           
                    N
                   < μ
                           
                    H
                   and σ
                           
                    N
                   < σ
                           
                    H
                   can be assumed.
For a given voxel with intensity X, the conditional probability of the voxel to be classified as normal tissue, P(normal tissue |X), or WMHs, P(WMH|X), is equal for X = I
                           
                    T
                  , i.e.,
$$ \kern0.5em {\left(P\left(\mathrm{normal}\kern0.5em \mathrm{tissue}\Big|X\right)\kern0.5em -P\left(\mathrm{WMH}\Big|X\right)\right)}_{X={I}_T}=0, $$

                    (11)
                

where I
                           
                    T
                   indicates the optimal threshold for WMHs. Applying Bayes’ theorem to the threshold condition yields:
$$ {\left(\frac{P\left(X\Big|\mathrm{normal}\kern1em \mathrm{tissue}\right)}{P\left(X\Big|\mathrm{WMH}\right)}\kern0.5em -\frac{P\left(\mathrm{WMH}\right)}{P\left(\mathrm{normal}\kern1em \mathrm{tissue}\right)}\right)}_{X={I}_T}=0, $$

                    (12)
                

where P(∙) denotes the marginal probability. In the two class classification problem, the ratio of the two marginal probabilities in Eq. (12) becomes simply the ratio of the volume of the two tissues, i.e., P(WMH)/P(normal tissue)  =  VWML/VNormal tissue. As the normal tissue and WMHs were assumed to have normal distributions, Eq. (12) can be expressed as below:
$$ \kern0.5em {\left(\frac{\frac{1}{\sqrt{2\pi }{\sigma}_N} \exp \left(-\frac{{\left(X-{\mu}_N\right)}^2}{2{\sigma_N}^2}\right)}{\frac{1}{\sqrt{2\pi }{\sigma}_H} \exp \left(-\frac{{\left(X-{\mu}_H\right)}^2}{2{\sigma_H}^2}\right)}\kern0.5em -\frac{V_{\mathrm{WMH}}}{V_{\mathrm{Normal}\;\mathrm{tissue}}}\right)}_{X={I}_T}=0. $$

                    (13)
                


                        Assuming that μ
                           
                    N
                  , μ
                           
                    H
                  , σ
                           
                    N
                  , and σ
                           
                    H
                   are constants with respect to the V
                           WMH (i.e., as a simple case, V
                           WMH varying with preserving the distribution characteristics), a straightforward calculation then gives the solution to Eq. (13), i.e., I
                           
                    T
                   as a function of V
                           WMH, as follows:
$$ \kern0.5em {I}_T\left({V}_{\mathrm{WMH}}\right)\kern0.5em =\kern0.5em {\varphi}_1+\sqrt{\varphi_2+{\varphi}_3\cdot \ln \frac{V_{\mathrm{WMH}}}{V_{\mathrm{TOT}}-{V}_{\mathrm{WMH}}}}\kern1em \left(\mathrm{for}\kern0.62em {\mu}_N<{\mu}_H,\kern1em {\sigma}_N<{\sigma}_H\right), $$

                    (14)
                

where φ
                           1, φ
                           2, and φ
                           3 are:
$$ {\varphi}_1\kern0.5em =\kern0.5em \frac{\mu_H{\sigma_N}^2-{\mu}_N{\sigma_H}^2}{{\sigma_N}^2-{\sigma_H}^2}, $$


                           $$ {\varphi}_2={\varphi_1}^2+\frac{2{\sigma_N}^2{\sigma_H}^2}{{\sigma_N}^2-{\sigma_H}^2}\kern0.5em \left[\frac{{\mu_N}^2}{2{\sigma_N}^2}-\frac{{\mu_H}^2}{2{\sigma_H}^2}\kern0.5em - \ln \frac{\sigma_H}{\sigma_N}\right], $$

and
$$ {\varphi}_3=\frac{2{\sigma_N}^2{\sigma_H}^2}{{\sigma_N}^2-{\sigma_H}^2}\kern0.5em , $$

and V
                           
                    TOT
                   is, as a constant, the total cerebral volume assumed to be the sum of V
                           WMH and the volume of normal tissues. Note that Eq. (14) is a solution for the conditions of μ
                           
                    N
                   < μ
                           
                    H
                   and σ
                           
                    N
                   < σ
                           
                    H
                   only. The optimal threshold from Eq. (14) in the V
                           WMH range of 0–170 ml with the fixed parameters (V
                           
                    TOT
                   = 1350 ml, μ
                           
                    N
                   = 150, σ
                           
                    N
                   = 20, μ
                           
                    H
                   = 220, and σ
                           
                    H
                   = 30) are delineated in Fig. 3a (blue line).

                  Theoretical model II
                
In modeling theoretical model I, the μ
                           
                    H
                   and σ
                           
                    H
                   were assumed to be constants to the V
                           WMH. However, in our preliminary analysis for realistic data, the μ
                           
                    H
                   and σ
                           
                    H
                   increased as manually segmented V
                           WMH increased. These tendencies were numerically analyzed, for all 32 FLAIRs in the exploratory dataset and confirmatory dataset I, as below.
The WMHs were manually segmented for all 32 FLAIRs, and μ
                           
                    N
                  , μ
                           
                    H
                  , and σ
                           
                    H
                   were computed thereafter (Table 7). However, in general, there was an individual difference in the intensity distribution for each subject’s image, which prevented us from comprehending the correspondence between the tendency of increase of μ
                           
                    H
                   or σ
                           
                    H
                   with the increase of V
                           WMH. Therefore, the μ
                           
                    H
                   and σ
                           
                    H
                   were normalized to compensate for the individual difference as follows: The ratios of μ
                           
                    H
                   and σ
                           
                    H
                   to the mean intensities of normal tissue μ
                           
                    N
                   (i.e., μ
                           
                    H
                  /μ
                           
                    N
                   and σ
                           
                    H
                  /μ
                           
                    N
                  ) were calculated for all datasets, and the ratios were multiplied by the mean of all values, μ
                           
                    N
                  
                           \( \left(\overline{\mu_N}\right) \). The \( \overline{\mu_N} \) value was 135.3844. The normalized μ
                           
                    H
                  
                           \( \left({\tilde{\mu}}_H\right) \) and normalized σ
                           
                    H
                  
                           \( \left({\tilde{\sigma}}_H\right) \) values can be expressed as follows:
Table 7 Means and standard deviations of intensities of white matter hyperintensities for the exploratory dataset and confirmatory dataset I (all FLAIRs from a 3.0-T scanner, in cubic millimeters)Full size table


                           $$ {\tilde{\mu}}_H={\mu}_H\kern0.5em \overline{\mu_N}/{\mu}_N $$

                    (15)
                


                           $$ {\tilde{\sigma}}_H={\sigma}_H\overline{\mu_N}/{\mu}_N. $$

                    (16)
                


                        From Eqs. (15) and (16), \( {\tilde{\mu}}_H \) and \( {\tilde{\sigma}}_H \) were computed (Table 7) and plotted (Fig. 4). From the linear regression analysis of \( {\tilde{\mu}}_H \) and \( {\tilde{\sigma}}_H \) with respect to V
                           WMH, the following approximate relations were obtained (regression lines in Fig. 4a, b, respectively),
$$ {\tilde{\mu}}_H\left({V}_{\mathrm{WMH}}\right)\kern0.5em =\kern0.5em 0.2269\cdot {V}_{\mathrm{WMH}}+208.6491 $$

                    (17)
                


                           $$ {\tilde{\sigma}}_H\left({V}_{\mathrm{WMH}}\right)\kern0.5em =\kern0.5em 0.0510\cdot {V}_{\mathrm{WMH}}+31.5190. $$

                    (18)
                


                        Pearson correlation coefficients of the two relations were 0.576 (p < 0.001) and 0.310 (p = 0.084), respectively.
Applying the approximate relations represented in Eqs. (17) and (18) to theoretical model I, i.e., Eq. (14), with the fixed parameters V
                           TOT = 1350 ml, μ
                           
                    N
                   = 150, and σ
                           
                    N
                   = 20, a modified I
                           
                    T
                   dependence to the V
                           WMH was numerically obtained within a V
                           WMH range of 0–150 ml (red line in Fig. 3a).
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