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Supplementary Text 

1. Models of NODDI and DTI-derived NODDI  

1.1 The original NODDI Model 

The NODDI method models brain microarchitecture in three compartments that have different 

properties of water molecules’ diffusion motion: the intracellular compartment (restricted diffusion 

bounded by neurites), the extracellular compartment (outside of neurites and potentially including 

glial cells), and the CSF compartment 1. The intracellular compartment is modeled as a set of sticks, 

i.e., cylinders of zero radius in which diffusion of water is highly restricted in directions 

perpendicular to neurites and unhindered along them 2–4. The orientation distribution of these sticks 

is modeled with a Watson distribution, because it is the simplest distribution that can capture the 

dispersion in orientations 5. The extracellular compartment is modeled with anisotropic Gaussian 

diffusion parallel to the main direction. The CSF compartment is modeled as isotropic Gaussian 

diffusion. The full normalized signal A is thus written as: 

 

A= (1-Viso ){Vic Aic+(1-Vic)Aec }+Viso Aiso,  (1) 

 

where Aiso and Viso are the normalized signal and volume fraction of the CSF compartment; the 

volume fraction of non-CSF compartment (1-Viso) is further divided into intracellular compartment 

(Vic) (=NDI) and extracellular compartment (1-Vic); Aic and Aec is the normalized signal of the 

intracellular and extracellular compartments, respectively. Additional NODDI parameters are 

isotropic diffusivity (diso) and intrinsic free diffusivity (d∥) that means the diffusivity parallel to 

neurites and is constrained. Detailed expressions of mathematical equations and derivation are 

described in the Appendix in Supplementary material, and these formulations were used for the 

simulation study. 

 

1.2 The DTI-derived NODDI calculation 

The equations that relate NODDI to DTI models are detailed in previous studies 6,7. Briefly, the NDI 

and the orientation parameter ( can be expressed by using DTI measures such as MD and FA in the 

following equations, assuming that the CSF compartment (Viso) is negligible: 

𝑁𝐷𝐼 ൌ 1 െ ටଵ

ଶ
൬

ଷெ஽

ௗ//
െ 1൰    (2) 

𝜏 ൌ ଵ

ଷ
ቆ1 ൅

ସெ஽･ி஺

หௗ//ିெ஽ห√ଷିଶி஺మቇ,    (3) 

where d// is a constant for intrinsic diffusivity assumed in the NODDI model. The orientation 

dispersion index (ODI) is calculated using the following formulas: 
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𝜏 ൌ ଵ

√గ఑ ୣ୶୮ሺି௞ሻ௘௥௙௜ሺ√఑ሻ
െ ଵ

ଶ఑
    (4)  

 

𝑂𝐷𝐼 ൌ ଶ

గ
arctan ቀଵ

఑
ቁ,     (5) 

 

where erfi is the imaginary error function and arctan is the arctangent. Based on these equations, once 

we have DTI measures such as FA and MD, 1) NDI can be analytically estimated from MD using 

formula (2) (NDIDTI) by using an assumed value of d//, 2)  can be calculated using formula (3) and 

values of MD and FA, 3)  can be estimated using formula (4) by using a look-up-table and a value of 

calculated at the previous step, and 4) ODIDTI was calculated using the formula (5) and .  

 

The values of DTI and predicted NODDI parameters based on Eq. (2)-(5) were plotted in Fig. 1 in the 

main text using in-house script written by MATLAB (R2013a) (http://www.mathworks.com/). We 

used d//=1.1 × 10−3 mm2/s (optimized for gray matter 8) and for an expected range of MD in the cortex 

(5 to 6 x 10-4 mm2/s, see Fig. 4B in our previous study8). We found that the value of NDI is predicted 

by a monotonically increasing function of the inverse of MD (Fig. 1A in the main text) and that ODI 

is a monotonically decreasing function depending both on MD and FA (Fig. 1B in the main text). 

 

2. Contamination of CSF in cortical surface-based and volume-based analysis in the NODDI 

model 

Looking at a volume slice of the Viso (isotropic diffusion compartment) of NODDI, it is notable that 

the cerebral cortical ribbon tends to take lower values than the white matter and extra-brain CSF 

areas. (Fig. S1 A). However, measurement in cortical gray matter areas can easily suffer from partial 

volume effects because of the limited spatial resolution of dMRI data and can also be influenced by 

the methods used to resample the data to the surface or volume. Although we applied the surface 

mapping method (myelin-style) the least affected by the partial voluming, it may be worth estimating 

whether resampling methods can affect the CSF values in the cortex. Therefore, we evaluated and 

compared the distribution of CSF values in the whole cerebral cortex between surface and volume-

based methods. In the surface mapping method, the values of Viso in the cerebral cortical surface 

were reasonably low and distributed in a narrow range (mean=0.096, standard deviation=0.063) (Fig. 

S1 B), while in volume-based analysis, both were relatively high (mean=0.17, standard 

deviation=0.15) (Fig. S1 B). These findings suggest that the surface mapping method can better 

avoid the effects of partial voluming as compared with volume-based analysis when using NODDI in 
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cortical gray matter. We also found the values of Viso in the white matter region was mean=0.21, 

standard deviation=0.097 (Fig. S1 B).  

 

3. Simulation for the error in NODDI-DTI 

3.1. Formulation and derivation of NODDI model for simulation study  

In this section, we described formulation and derivation of the NODDI model, by which simulation 

study was performed. In the NODDI model, the signal (A) of the tissue is composed of CSF (Aiso), 

extracellular (Aec) and intracellular compartments (Aic) 1 as in Eq. 1. The signal is also dependent on 

volume fractions of the CSF compartment (𝜈௜௦௢.) and the intracellular compartments (𝜈௜௖). We 

describe in detail how each of Aiso, Aec, and Aic can be expressed mathematically. We also describe 

how the Watson distribution can be expressed by a mathematical equation. 

 

3.1.1. CSF compartment (Aiso) 

Since Aiso is dependent on isotropic diffusion, it can be expressed as 

 

𝐴௜௦௢ ൌ 𝑒ି௕ௗ೔ೞ೚,                                                                                                                                                                            ሺ𝐴1ሻ

  

where b is b-value of dMRI and diso is the diffusion coefficient of the CSF. 

 

3.1.2. Extracellular compartment (Aec) 

According to Zhang et al. 1, Aec is expressed as follows: 

𝐴௘௖ ൌ exp ቆെ𝑏𝒒் ∙ න 𝑓ሺ𝒏|𝝁, 𝜅ሻ𝐷ሺ𝒏ሻ
𝕊మ

𝑑𝒏 ∙ 𝒒ቇ,                                                                                                               ሺ𝐴2ሻ 

where 𝒒 is an unit vector which is the direction of diffusion weighting gradient and 𝐷ሺ𝒏ሻ is a 

cylindrical symmetry tensor whose main axis is along the direction of n. 

 

On the other hand, according to Zhang et al. 1, let d∥ and dୄ be the diffusion coefficients which are 

parallel and perpendicular to the main axis in the intracellular compartment, respectively. The 

diffusion coefficients (d′∥ and d′ୄ) which are parallel and perpendicular to the main axis in the 

extracellular compartment, are expressed as follows: 

ቐ
𝑑′∥ ൌ 𝑑∥ െ 𝑑∥𝜈௜௖ሺ1 െ 𝜏ଵሻ

𝑑′ୄ ൌ 𝑑∥ െ 𝑑∥𝜈௜௖ ൬
1 ൅ 𝜏ଵ

2
൰ ,

                                                                                                                                                   ሺ𝐴3ሻ 

where 𝜏ଵ is expressed as follows 1: 
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𝜏ଵ ൌ െ
1

2𝜅
൅

1

√𝜋𝜅 ∙ 𝑒ି఑ ∙ 𝑒𝑟𝑓𝑖൫√𝜅൯
,                                                                                                                                       ሺ𝐴4ሻ 

 
where 𝑒𝑟𝑓𝑖ሺ𝑥ሻ is the incomplete error function and given as below: 

𝑒𝑟𝑓𝑖ሺ𝑥ሻ ൌ
2

√𝜋
න 𝑒௧మ

𝑑𝑡
௫

଴
.                                                                                                                                                           ሺ𝐴5ሻ 

 

Since the principal axis of the extracellular compartment is assumed to be parallel to the z-axis, 

𝑫𝒆𝒄ሺ𝒛ො, 𝜅ሻ is expressed as below: 

𝑫𝒆𝒄ሺ𝒛ො, 𝜅ሻ ൌ ቌ
𝑑′ୄ 0 0
0 𝑑′ୄ 0
0 0 𝑑′∥

ቍ.                                                                                                                                             ሺ𝐴6ሻ 

 

Therefore, Aec is rewritten using Eq. (A2), (A6) as below: 

𝐴௘௖ ൌ 𝑒𝑥𝑝ሺെ𝑏𝒒் ∙ 𝑫𝒆𝒄ሺ𝝁, 𝜅ሻ ∙ 𝒒ሻ .                                                                                                                                       ሺ𝐴7ሻ  
Since 𝑫𝒆𝒄ሺ𝝁, 𝜅ሻ is a cylindrically symmetric tensor whose principal axis is in the direction of the 

principal axis of the Watson distribution (described in detail Appendix 4), namely 𝝁, 𝒒் ∙

𝑫𝒆𝒄ሺ𝝁, 𝜅ሻ𝒒 is a function of 𝜃 ൌ 𝒒 ∙ 𝝁 which is the relative angle between the principal axes of 

MPG and Watson distribution. Hence, without loss of generality, let 𝝁 ൌ 𝒛ො. Since 𝑫𝒆𝒄ሺ𝒛ො, 𝜅ሻ is 

cylindrically symmetrical to the z-axis in this case, Aec depends only on 𝜃 ൌ 𝒒 ∙ 𝝁, which is the 

angle between MPG and z-axis, not on the azimuthal angle ϕ. Hence, without loss of generality, let 

𝜙 ൌ 0. Now, let 𝑹൫െ𝜃𝒒൯ be the rotation matrix, which makes the direction of MPG (𝒒) parallel to 

z-axis,  

 

    𝒒் ∙ 𝑫𝒆𝒄ሺ𝒛ො, 𝜅ሻ𝒒 ൌ ൫𝑹൫െ𝜃𝒒൯ ∙ 𝒒൯
்

∙ 𝑫𝒆𝒄൫𝑹൫െ𝜃𝒒൯ ∙ 𝒛ො, 𝜅൯ ∙ ൫𝑹൫െ𝜃𝒒൯ ∙ 𝒒൯ 
ൌ 𝒛ො் ∙ 𝑫𝒆𝒄൫𝑹൫െ𝜃𝒒൯ ∙ 𝒛ො, 𝜅൯ ∙ 𝒛ො 

ൌ ሺ0 0 1ሻ ൭
1 0 0
0 𝑐𝑜𝑠𝜃 െ𝑠𝑖𝑛𝜃
0 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

൱

்

ቌ
𝑑ᇱ

ୄ 0 0
0 𝑑ᇱ

ୄ 0
0 0 𝑑ᇱ

∥

ቍ ൭
1 0 0
0 𝑐𝑜𝑠𝜃 െ𝑠𝑖𝑛𝜃
0 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

൱ ൭
0
0
1

൱ 

ൌ 𝑑ᇱ
ୄ𝑠𝑖𝑛ଶ𝜃 ൅ 𝑑ᇱ

ୄ𝑐𝑜𝑠ଶ𝜃.                                                                                                                       ሺ𝐴8ሻ

  
Summarizing the above, Aec is denoted using Eq. (A7), (A8) as below: 

𝐴௘௖ ൌ 𝑒𝑥𝑝൫െ𝑏ሺ𝑑ᇱ
ୄ𝑠𝑖𝑛ଶ𝜃 ൅ 𝑑ᇱ

ୄ𝑐𝑜𝑠ଶ𝜃ሻ൯ ,                                                                                                                          ሺ𝐴9ሻ   
where 𝜃 ൌ 𝒒 ∙ 𝝁. 
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3.1.3. Intracellular compartment (Aic) 

According to Zhang et al., 

𝐴௜௖ ൌ න 𝑓ሺ𝒏|𝝁, 𝜅ሻ𝑒ି௕ௗ∥ሺ𝒒∙𝒏ሻమ

𝕊మ
𝑑𝒏 ,                                                                                                                                  ሺA10ሻ 

where d∥ is intrinsic diffusivity. Aic cannot be expressed by elementary functions. First, the Watson 

distribution is expanded using spherical harmonics. Let 𝑓௟଴
௖ ሺ𝜅ሻ  be an expansion coefficient, when 

𝑓ሺ𝒏|𝒛ො, 𝜅ሻ is expanded using spherical harmonics. 

𝑓ሺ𝒏|𝒛ො, 𝜅ሻ ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ𝑌௟଴ሺ𝜃𝒏, 0ሻ

ஶ

௟ୀ଴

.                                                                                                                                      ሺ𝐴11ሻ 

The Watson distribution 𝑓ሺ𝒏|𝝁, 𝜅ሻ , whose mean orientation is 𝝁 , is expressed by using Wigner 

Rotation Matrix 9 as follows: 

 

 𝑓ሺ𝒏|𝝁, 𝜅ሻ ൌ 𝑓 ൬𝒏|𝐑 ൬െθ
𝐪

൰ 𝒛ො, 𝜅൰ 

ൌ 𝐑 ൬θ
𝐪

൰ 𝑓ሺ𝒏|𝒛ො, 𝜅ሻ 

ൌ 𝐑൫θ𝐪൯ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ𝑌௟଴ሺ𝜃𝒏, 0ሻ

ஶ

௟ୀ଴

 

ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ𝐑൫θ𝐪൯𝑌௟଴ሺ𝜃𝒏, 0ሻ

ஶ

௟ୀ଴

 

ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ ෍ 𝑌௟௠ᇱሺ𝜃𝒏, 𝜙𝒏ሻඨ

4𝜋
2𝑙 ൅ 1

௟

௠ᇲୀି௟

ஶ

௟ୀ଴

𝑌௟௠ᇱ
∗ ൫𝜃𝒒, 0൯,                                                                                ሺ𝐴12ሻ 

where 𝜃𝒒 is the angle between MPG direction and z-axis. 

 

We substitute this into the Aic (at this time 𝐪 ൌ 𝐳ො), because if m ് ׬ ,0 𝑒௜௠థଶగ
଴ 𝑑𝜙 ൌ 0, and if 

m ൌ 0, ׬ 1
ଶగ

଴ 𝑑𝜙 ൌ 2𝜋.  
 

𝐴௜௖ ൌ න ෍ 𝑓௟଴
௖ ሺ𝜅ሻ ෍ 𝑌௟௠ᇱሺ𝜃𝒏, 𝜙𝒏ሻඨ

4𝜋
2𝑙 ൅ 1

௟

௠ᇲୀି௟

ஶ

௟ୀ଴

𝑌௟௠ᇱ
∗ ൫𝜃𝒒, 0൯𝑒ି௕ௗ∥ሺ𝒛ො∙𝒏ሻమ

𝕊మ
𝑑𝒏 

ൌ න ෍ 𝑓௟଴
௖ ሺ𝜅ሻ ෍ 𝑌௟௠ᇱሺ𝜃𝒏, 𝜙𝒏ሻඨ

4𝜋
2𝑙 ൅ 1

௟

௠ᇲୀି௟

ஶ

௟ୀ଴

𝑌௟௠ᇱ
∗ ሺ𝜃𝒏, 0ሻ𝑒ି௕ௗ∥ሺ𝒛ො∙𝒏ሻమ

𝕊మ
𝑑𝒏 

ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ ෍ ඨ

4𝜋
2𝑙 ൅ 1

௟

௠ᇲୀି௟

ஶ

௟ୀ଴

𝑌௟௠ᇱ
∗ ൫𝜃𝒒, 0൯ න 𝑠𝑖𝑛𝜃𝒏𝑑𝜙𝒏

ଶగ

଴
න 𝑑𝜃𝒏

గ

଴
𝑌௟௠ᇱሺ𝜃𝒏, 𝜙𝒏ሻ𝑒ି௕ௗ∥௖௢௦మఏ𝒏 
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ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ ෍ ඨ

4𝜋
2𝑙 ൅ 1

௟

௠ᇲୀି௟

ஶ

௟ୀ଴

𝑌௟௠ᇱ
∗ ൫𝜃𝒒, 0൯ න 𝑠𝑖𝑛𝜃𝒏𝑑𝜙𝒏

ଶగ

଴
න 𝑑𝜃𝒏

గ

଴
ඨ

2𝑙 ൅ 1
4𝜋

ሺ𝑙 െ 𝑚′ሻ!
ሺ𝑙 ൅ 𝑚′ሻ!

𝑃௟
௠ᇱሺ𝑐𝑜𝑠𝜃𝒏ሻ𝑒௜௠ᇱథ𝒏𝑒ି௕ௗ∥௖௢௦మఏ𝒏 

ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻඨ

4𝜋
2𝑙 ൅ 1

ஶ

௟ୀ଴

𝑌௟଴
∗ ൫𝜃𝒒, 0൯2𝜋 න 𝑑𝑥

ଵ

ିଵ

ඨ
2𝑙 ൅ 1

4𝜋
𝑃௟ሺ𝑥ሻ𝑒ି௕ௗ∥௫మ 

ൌ 2𝜋 ෍ 𝑓௟଴
௖ ሺ𝜅ሻ

ஶ

௟ୀ଴

ඨ
2𝑙 ൅ 1

4𝜋
𝑃௟൫𝑐𝑜𝑠𝜃𝒒൯ න 𝑑𝑥

ଵ

ିଵ
𝑃௟ሺ𝑥ሻ𝑒ି௕ௗ∥௫మ

                                                                                                                      ሺ𝐴13ሻ 

 
On the other hand, 𝑓௟଴

௖ ሺ𝜅ሻ are expansion coefficients, when 𝑓ሺ𝒏|𝒛ො, 𝜅ሻ is expressed using spherical 

harmonics. 

𝑓ሺ𝒏|𝒛ො, 𝜅ሻ ൌ ෍ 𝑓௟଴
௖ ሺ𝜅ሻ𝑌௟଴ሺ𝜃𝒏, 0ሻ

ஶ

௟ୀ଴

.                                                                                                                                       ሺ𝐴14ሻ 

𝑓௟଴
௖ ሺ𝜅ሻ can be determined by multiplying 𝑌௟ᇱ଴

∗ ሺ𝜃𝒏, 0ሻ and integrating both sides, because of the 

standard orthogonality of the spherical harmonics. 

𝑓௟଴
௖ ሺ𝜅ሻ ൌ න 𝑌௟଴

∗ 𝑓ሺ𝒏|𝒛ො, 𝜅ሻ𝑑𝒏 

ൌ න ඨ
2𝑙 ൅ 1

4𝜋
𝑃௟ሺ𝑐𝑜𝑠𝜃ሻ

1
4𝜋

𝑒఑ሺ𝝁∙𝒏ሻ

𝑀 ቀ
1
2 ,

3
2 , 𝜅ቁ

𝑑𝒏 

ൌ
1

4𝜋
1

𝑀 ቀ
1
2 ,

3
2 , 𝜅ቁ

න 𝑠𝑖𝑛𝜃𝒏𝑑𝜙𝒏

ଶగ

଴
න 𝑑𝜃𝒏

గ

଴

ඨ
2𝑙 ൅ 1

4𝜋
𝑃௟ሺ𝑐𝑜𝑠𝜃𝒏ሻ𝑒఑௖௢௦మఏ𝒏 

ൌ
√2𝑙 ൅ 1

4√𝜋 ∙ 𝑀 ቀ
1
2 ,

3
2 , 𝜅ቁ

න 𝑑𝑥
ଵ

ିଵ
𝑃௟ሺ𝑥ሻ𝑒఑௫మ

                                                                                                                                 ሺ𝐴15ሻ 

 
Now, according to Arfken et al. 10, 

න 𝑃௟ሺ𝜇ሻ
ଵ

ିଵ
𝑒௫ఓమ

ൌ ሺ𝑥ሻ௟
ଶൗ

𝛤 ቀ
𝑙 ൅ 1

2 ቁ

𝛤 ቀ
2𝑙 ൅ 3

2 ቁ
𝑀 ൬

𝑙 ൅ 1
2

,
2𝑙 ൅ 3

2
, 𝑥൰.                                                                                              ሺ𝐴16ሻ 

Hence, 𝑓௟଴
௖ ሺ𝜅ሻ is expressed using Eq. (A15), (A16) as below: 

𝑓௟଴
௖ ሺ𝜅ሻ ൌ

√2𝑙 ൅ 1

4√𝜋

𝛤 ቀ
𝑙 ൅ 1

2 ቁ

𝛤 ቀ
2𝑙 ൅ 3

2 ቁ

𝑀 ቀ
𝑙 ൅ 1

2 ,
2𝑙 ൅ 3

2 , 𝜅ቁ

𝑀 ቀ
1
2 ,

3
2 , 𝜅ቁ

ሺ𝜅ሻ௟
ଶൗ  .                                                                                            ሺ𝐴17ሻ 

In addition, it can be also applied for factors below, which Aic contains: 
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න 𝑑𝑥
ଵ

ିଵ
𝑃௟ሺ𝑥ሻ𝑒ି௕ௗ∥௫మ

ൌ ሺെ𝑏𝑑∥ሻ௟
ଶൗ

𝛤 ቀ
𝑙 ൅ 1

2 ቁ

𝛤 ቀ
2𝑙 ൅ 3

2 ቁ
𝑀 ൬

𝑙 ൅ 1
2

,
2𝑙 ൅ 3

2
, െ𝑏𝑑∥൰.                                                                   ሺ𝐴18ሻ 

In summary, Aic is expressed using Eq. (A13), (A17), (A18) as follows: 
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Moreover, the sum of 𝑙 should be performed for only the even numbers, because the symmetry of θ 

direction of the Watson distribution. 

 

3.1.4. The Watson distribution 

 

According to the original NODDI model 1, the Watson distribution is expressed as follows: 
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3
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 ,                                                                                                                                               ሺ𝐴20ሻ 

where M is the first type confluent hypergeometric function 10 and is also referred to as Kummer 

function. Here, 𝝁, 𝜅 and 𝒏 are denoted as the mean orientation of the Watson distribution, 

concentration parameter, and the orientation of sticks in which water diffusion is restricted, 

respectively. Since the Watson distribution is also a function of 𝝁 and 𝜅, these variables are 

expressed as 𝑓ሺ𝒏ሻ ൌ 𝑓ሺ𝒏|𝝁, 𝜅ሻ. 

Let 𝝁 ൌ 𝒛ො (unit vector in the z direction) and let 𝑥 ൌ 𝑐𝑜𝑠𝜃, 𝑑𝑥 ൌ െ𝑠𝑖𝑛𝜃 ∙ 𝑑𝜃, we integrate over 

unit sphere 𝕊ଶ. 
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According to Arfken and Wever (2005), 
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where 𝛤ሺ𝑥ሻ is Gamma function, 𝛤൫1
2ൗ ൯ ൌ √𝜋, 𝛤൫3

2ൗ ൯ ൌ √𝜋
2ൗ . 
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Hence, Eq. A21 is expressed using Eq. (A22) as follows: 
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Since we want to normalize the Watson distribution, we re-defined it as follows: 
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3.2. Simulation for relationship between NODDI and DTI-derived NODDI under the condition that 

CSF volume fraction was homogeneously fixed. 

The previous simulation (see section 2.2 and 3.2 in main text) suggested that heterogeneity in CSF 

volume fraction in the cortical voxels can cause the errors at various level particularly when used 

low b-value dMRI dataset. To confirm the specificity of this finding, we performed a simulation 

analysis whether fixed ‘homengenous’ values of Viso in the cortical voxels does not degrade a 

relationship between the original NODDI and DTI-derived NODDI depending on the b-shell 

scheme. The size of the CSF compartment (Viso) in the cortex was assumed to be homogeneous and 

small in a simulation analysis (Viso=0.1). Seven different combinations of b-shell datasets (same as 

Table 1) were created assuming following parameters as possible values within the cerebral cortex8; 

Viso=0.1, NDI ranging from 0.1 to 0.55 and ODI ranging from 0.040 to 0.84 (see Table S1).  

 

To investigate linearity, NDIDTI and ODIDTI were correlated with the true values using the Pearson 

correlation analysis for each dataset. As a result, NDIDTI and ODIDTI showed extremely strong linear 

correlation with the ground truth in any b-shell scheme (R>0.97, p<0.00001) (Fig. S2).  

 

Like in HCP data (see Fig. 5 in main text), a constant bias between DTI-derived NODDI and original 

NODDI parameters was found in the Bland-Altman analysis, when using simulation data with high 

b-value. This bias was caused by the bias of the MD and FA when using high b-value dataset — the 

values of MD were underestimated and those of FA were overestimated (data not shown), consistent 

with previous studies in MD11 and FA12–14. 
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Table S1. Parameters and values used in simulation analysis. Note that all combinations of values of 

NDI and ODI were simulated. 

NDI 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 

ODI 0.040 0.11 0.16 0.30 0.37 0.47 0.55 0.61 0.70 0.84 
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Figure S1 

 
Figure S1. The Viso (volume of cerebrospinal fluid compartment) in the cerebral cortex. (A) The 
zoomed view of a representative volume slice of Viso in a single subject. The red line is the pial surface, 
which is the border between CSF and the cortex, and the blue line is the white surface, which is the 
border between the cortex and the white matter. The value of Viso in the cortex is very low compared 
to the white matter and CSF. (B) The histogram of Viso in the bilateral cerebral cortices in volume-
based and surface-based analysis and the white matter. in the corresponding subject in (A). The blue 
histogram shows vertices of the cortical surface. The orange histogram shows voxels in the cortical 
ribbon mask. The green histogram shows voxels in the white matter. Colored solid lines indicate the 
mean and colored dotted lines indicate the mean+1.96*SD.  
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Figure S2 

 

Figure S2. Correlation coefficients of DTI-derived NODDI parameters (NDIDTI and ODIDTI) with 
respect to the ground truth in simulation analysis. Correlation coefficients were calculated using 
various b-shell dataset types (b1000, b2000, b3000, b1000-2000, b1000-3000, b2000-3000 and bAll) . All of them 
have statistical significance level with p<0.00001. Note that this simulation does not consider 
‘heterogeneity’ of CSF volume fraction (see also Figure 6 for simulation of heterogeneity of CSF). 
Abbreviations; NDIORIG: original NODDI neurite density index, ODIORIG: original NODDI 
orientation dispersion index, NDIDTI: DTI-derived NODDI neurite density index, ODIDTI: DTI-
derived NODDI orientation dispersion index.  
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Figure S3 

 

Figure S3 Cross-subject average cortical surface maps of original NODDI and DTI-derived NODDI 
neurite density index (NDIORIG and NDIDTI) when using b-shell datasets (b1000, b2000, b3000, b1000-2000, 
b1000-3000, b2000-3000, bAll).  
Surface maps of column 1 (A, C, E, G, I, K, M) were cortical maps of the original NODDI NDI 
(NDIORIG) and surface maps of column 2 (B, D, F, H, J, L, N) were cortical maps of DTI-derived NDI 
(NDIDTI). The first through the seventh rows are arranged in order of the b-shell datasets. Data at 
https://balsa.wustl.edu/977qk
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Figure S4 

 
Figure S4. Cross-subject average cortical surface maps of original NODDI and DTI-derived NODDI 
orientation dispersion index (ODIORIG and ODIDTI) when using b-shell datasets (b1000, b2000, b3000, b1000-

2000, b1000-3000, b2000-3000, bAll). Surface maps of column 1 (A, C, E, G, I, K, M) were cortical maps of 
the original NODDI ODI (ODIORIG) and surface maps of column 2 (B, D, F, H, J, L, N) were cortical 
maps of DTI-derived ODI (ODIDTI). The first through the seventh rows are arranged in order of the b-
shell datasets. https://balsa.wustl.edu/kNNK2 
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Figure S5 

 
Figure S5 Bland-Altman plots of DTI-derived NODDI parameters of different b-shell datasets 
different b-shell datasets (b1000, b2000, b1000-2000, b1000-3000, and b2000-3000).  Biases of DTI-derived 
NODDI parameters (NDIDTI shown in (A) and ODIDTI shown in (B) in different b-shell datasets (b1000, 
b2000, b1000-2000, b1000-3000, and b2000-3000) were analyzed with Bland-Altman and the original NODDI 
parameters (NDIORIG and ODIORIG) of the three-shell dataset (bAll) used as a reference. Blue lines show 
the mean±1.96*SD and red lines show the mean value. Plots are coloured by their density. 
Abbreviations; NDIORIG: original NODDI neurite density index, ODIORIG: original NODDI orientation 
dispersion index, NDIDTI: DTI-derived NODDI neurite density index, ODIDTI: DTI-derived NODDI 
orientation dispersion index. 
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Figure S6 

 
Figure S6. Correlation coefficients of original NODDI parameters (NDIORIG and ODIORIG) with the 
references that are the original NODDI parameters on three-shell dataset (NDIORIG/bAll and 
ODIORIG/bAll). Correlation coefficients to the references were calculated using averaged surface maps 
across all subjects in each different b-shell dataset type (b1000, b2000, b3000, b1000-2000, b1000-3000, and b2000-

3000). Asterisks were significant (p<0.00001). 

 

  



 

17 
 

References 
 

1. Zhang, H., Schneider, T., Wheeler-Kingshott, C. A. & Alexander, D. C. NODDI: Practical in 

vivo neurite orientation dispersion and density imaging of the human brain. NeuroImage 61, 1000–

1016 (2012). 

2. Behrens, T. E. J. et al. Characterization and propagation of uncertainty in diffusion-weighted 

MR imaging. Magn. Reson. Med. 50, 1077–1088 (2003). 

3. Panagiotaki, E. et al. Compartment models of the diffusion MR signal in brain white matter: 

A taxonomy and comparison. NeuroImage 59, 2241–2254 (2012). 

4. Sotiropoulos, S. N., Behrens, T. E. J. & Jbabdi, S. Ball and rackets: Inferring fiber fanning 

from diffusion-weighted MRI. NeuroImage 60, 1412–1425 (2012). 

5. Directional Statistics. Wiley Series in Probability and Statistics. (John Wiley & Sons, Ltd., 

1990). 

6. Edwards, L. J., Pine, K. J., Ellerbrock, I., Weiskopf, N. & Mohammadi, S. NODDI-DTI: 

Estimating Neurite Orientation and Dispersion Parameters from a Diffusion Tensor in Healthy White 

Matter. Front. Neurosci. 11, (2017). 

7. Lampinen, B. et al. Neurite density imaging versus imaging of microscopic anisotropy in 

diffusion MRI: A model comparison using spherical tensor encoding. NeuroImage 147, 517–531 

(2017). 

8. Fukutomi, H. et al. Neurite imaging reveals microstructural variations in human cerebral 

cortical gray matter. NeuroImage (2018). doi:10.1016/j.neuroimage.2018.02.017 

9. A Morrison, M. & A Parker, G. A Guide to Rotations in Quantum Mechanics. Aust. J. Phys. 

40, 465 (1987). 

10. Front Matter. in Mathematical Methods for Physicists (6th Edition) (eds. Arfken, G. B. & 

Weber, H. J.) 1200 (Academic Press, 2005). 

11. Hui, E. S., Cheung, M. M., Chan, K. C. & Wu, E. X. B-value dependence of DTI quantitation 

and sensitivity in detecting neural tissue changes. NeuroImage 49, 2366–2374 (2010). 

12. Farrell, J. A. D. et al. Effects of signal-to-noise ratio on the accuracy and reproducibility of 

diffusion tensor imaging–derived fractional anisotropy, mean diffusivity, and principal eigenvector 

measurements at 1.5T. J. Magn. Reson. Imaging 26, 756–767 (2007). 

13. Jones, D. K. & Basser, P. J. ?Squashing peanuts and smashing pumpkins?: How noise distorts 

diffusion-weighted MR data. Magn. Reson. Med. 52, 979–993 (2004). 

14. Pierpaoli, C. & Basser, P. J. Toward a quantitative assessment of diffusion anisotropy. Magn. 

Reson. Med. 36, 893–906 (1996). 


