
Diffusion-weighted data were acquired from a 
healthy male child (age 12)  using a single-shot      
spin-echo, echo planar imaging sequence (260mm 
FOV; 128x128 matrix size; 2mm thick slices (no  
skip); b=800 s/mm2; 12 diffusion directions).  
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BlueMatter is the first projectome algorithm to optimize over 
global parameters: data fit and volume conservation. 

The BlueMatter projectome is a length invariant estimate of 
white matter fascicle volume.

We demonstrate the highest resolution projectome of the 
human brain contains optic radiation and other pathways that 
are frequently missed by local, greedy methods.

The complete set of long range fascicles in the brain 
is the projectome. 

Current projectome methods estimate one fascicle 
at a time and miss critical global criteria.

BlueMatter is a parallel projectome algorithm, 
which accounts for global DWI prediction error and 
volume conservation.

BlueMatter selects a projectome from a massive 
database consisting of 180 billion fascicles derived 
from atlases and multiple tractography algorithms.

Human Projectome Result
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Projectome Search Overview
BlueMatter searches a massive collection of fascicle 
candidates C to select a projectome P that minimizes 
a global error function E. 

C must be refined because it 
1) contains many implausible fascicles, 
2) inherits biases from the included tracking algorithms,
3) is not optimized for data-fit or volume constraints.

Volume Estimation at Fascicle Crossing

Fasccile volume is estimated accurately despite candidate 
database bias.

Selected fascicle diameter is 
the largest that accutrately 
recovers fiber volume (0.2mm, 
blue arrow). 

TEND fiber count 
varies with length. 

5,600 fibers

12,000 fibers

BlueMatter cross-section
area is length invariant.

96 fibers

103 fibers

BlueMatter created a 
projectome from 4 million 
fascicles intersecting every 
gray matter voxel (44,000). 
This is the highest resolution 
human brain projectome.

RMS difference between 
predicted and measured DWI 
data within the white matter is 
similar to measurement noise 
(σ=48). 

Parallel Architecture 
BlueMatter leverages a 2048-processor BlueGene/L 
supercomputer with 0.5 TB memory to implement a
highly parallel multiple-restart stochastic hill-climbing
algorithm (run-time: 9days).  

Error Terms
Error E on projectome P balances diffusion-fit E1 [1]
with volume overfilling E2

the BlueGene/L architecture to search for an optimal projectome estimate from
the enormous space of possible projectomes within C.

Table 1 defines key symbols and terms.

Error Terms The BlueMatter algorithm penalizes a projectome, P , with a
global error metric, E,

E = (1 − λ)E1 + λE2. (1)

The error E is a convex combination of E1, which measures the difference be-
tween the predicted and observed diffusion weighted images, and E2, the amount
the volume is overfilled. The parameter λ modulates the balance between E1 and
E2 and is selected empirically (Section 3). We seek solutions that predict the data
to within the measurement noise; we also seek solutions with no more fascicles
than a given voxel volume allows.

The projectome estimates the amount of volume in a voxel occupied by fas-
cicles and the remaining space is then filled with isotropic diffusion according to
the ratio νU,i/νC,i. The diffusion sensitization strength b is set by the MRI scan-
ning sequence. The MRI sequence also specifies the axes of diffusion sensitivity
or qk, where k ∈ [1, K].

We define the diffusion estimation error, E1, and the local volume overfilling
error, E2, at voxel i as

E1,i = 1
K

∑K
k=1

(Âk,i−Ak,i)
2

σ2 ,

E2,i =
{

0 if
∑

f∈Pi
νf,i < νT∑

f∈Pi
νf,i − νT otherwise.

(2)

Both E1 and E2 are the sums across voxels of E1,i and E2,i, respectively. E1

is normalized by the variance of the noise and thus represents error in units of
data variance (or transformed into standard deviations). E2 is in units of mm3.

We compute E1 based on a model for the predicted diffusion weighted image
attenuation at voxel i and direction k, Âk,i. BlueMatter uses the powder aver-
age of the separate compartments [11]. This term can be calculated from the
projectome fibers passing through this voxel, Pi

Âk,i =
A0,i

νC,i + νU,i +
∑

f∈Pi
νf,i

(νC,i exp(−bdC) +

νU,i exp(−bdU ) +
∑

f∈Pi

νf,i exp(−bqT
k Df,iqk)). (3)

Parallel Candidate Generation The set of candidate fibers is created by
combining estimates from multiple tractography algorithms. It is intended that
C contain a superset of fascicles; hence, we use a large candidate set derived
from STT [3], TEND [12] and ConTrack [7] algorithms.
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f∈Pi
νf,i − νT otherwise.

(2)

Âk,i =
A0,i

νC,i + νU,i +
∑
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Projectome Initialization
BlueMatter’s initial projectome 
estimate is selected from all STT  
and TEND fibers [2] that meet the 
inclusion criteria for the Wakana 
atlas [3].
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Real DWI

Predicted DWI

We compared BlueMatter with a projectome procedure [4] that 
uses the TEND algorithm.  We searched for a diameter that 
best predicts the data with the TEND projectome.  

The BlueMatter projectome contains the atlas fascicles [3] 
as well as fascicles not commonly found in previous 
projectomes, e.g., note fullness of projections between 
lateral cortex and corpus callosum and the optic radiation 
(including Meyer’s loop).

1. Basser, et al. NMR Biomed 15(7-8) (2002) 456–67.
2. Mori, et al. NMR Biomed 15(7-8) (2002) 468–80.
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Fascicle cross-sectional area estimates are length invariant.

Synthetic DWI

60%

40%

Candidate Database

25,000 fibers
8,000 fibers

300 fibers
200 fibers

A DWI dataset composed of two tracts with 
equal white matter cross-section (3.2mm²) and 
different lengths (16mm, 32mm).

BlueMatter Estimate

BlueMatter predicts 
DWI data better than 
the TEND projectome 
in almost every voxel 
(modes 1.8, 2.1). 

Examinig voxels overfilled  3x(2x).
BlueMatter has only 12 (200 blue). 
TEND has 3500 yellow (8200 red). 

Projections between lateral cortex 
and corpus callosum (blue).

Optic radiation.

For more BlueMatter see poster #546 SA-PM. 
Or contact: sherbond@stanford.edu

Parameter Selection

Lambda (blue arrow) is the 
smallest weight to minimize 
overfilling while negligibly 
reducing data-fit (not shown).


