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Abstract. Camino is an open-source, object-oriented software package
for processing diffusion MRI data. Camino implements a data processing
pipeline, which allows for easy scripting and flexible integration with
other software. This paper summarises the features of Camino at each
stage of the pipeline from the raw data to the statistics used by clinicians
and researchers. The paper also discusses the role of Camino in the paper
“An Automated Approach to Connectivity-based Partitioning of Brain
Structures”, published at MICCAT 2005.

1 Introduction

Diffusion-weighted MRI allows us to examine the characteristics of water dif-
fusion in wvivo. Diffusion MRI measures the particle displacement density p in
each voxel of the image volume. The anisotropy of p reflects that of the tissue
microstructure. Statistics of diffusion are used extensively in clinical medicine
and biomedical research.

Diffusion MRI sequences typically acquire N measurements with different
“diffusion weighting” gradients in each voxel. Each measurement is a sample of
the Fourier transform of p a the wavenumber q. Several reconstruction algorithms
exist to fit models of p or extract useful features (such as anisotropy or fibre
orientation) from the data [1]. The most widely used model is the diffusion
tensor [2], which assumes a zero-mean, Gaussian p:

p=G(r;D,t) = ((4t)* det(D))*% exp(—r™Dr(4t)71) (1)

where D is a symmetric, second-order tensor. The log of each measurement
provides a linear constraint on D:

log[A*(q)/A(0)] =q"Dq. (2)

Since D has six independent elements, DT-MRI requires measurements with at
least six independent q and one at q = 0, though more measurements are often
made to improve the robustness of the fit.

The diffusion tensor method fails when G is a poor approximation of p.
Examples of this can be seen easily in the brain when two or more bundles of
fibres cross within a single voxel. Several techniques exist to reconstruct multiple



fibre orientations within a voxel [1]. One method is to divide the voxel into
multiple compartments such that p is a mixture of zero-mean Gaussians:

M
p=Y_ fiG(r;Dit), (3)
i=1

where f1 + fo,...,+fn = 1.

This paper examines the image processing steps involved in the study of
diffusion-MRI and shows how the open-source Camino software suite provides
the capability to extract clinically useful information from raw MRI data. In
Sec. 2, we introduce the data pipeline and summarise the features of Camino.
In Sec 3 we discuss the role of Camino in the companion MICCAI paper “An
Automated Approach to Connectivity-based Partitioning of Brain Structures”
[3].

2 Camino

Camino is an object-oriented software package for processing diffusion MR im-
ages and is written entirely in Java. Users may invoke the Java programs directly
or run the wrapper (bash shell) scripts provided with the software. Advanced
users can construct custom scripts or extend the source code to suit their needs.

The pipeline approach to data processing is illustrated in Fig. 1. The shell
scripts realise the pipeline approach and provide a stable interface for users,
which means that no knowledge of Java is required to use Camino. This section
examines each stage of the pipeline in detail.

2.1 Data sources

The data source can be data from a scanner or from Camino’s data synthesiser.
Data consists of N measurements in each voxel. Camino processes all data in
voxel order, where the measurements for each voxel are stored together. This
ordering facilitates the data pipeline model and allows each voxel to be processed
independently. The data pipeline allows easy parallel processing and processing
of large images with minimal memory consumption.

Data from scanners is not typically in voxel order, since the scanner acquires
a measurement over the whole image volume, then acquires the second mea-
surement, and so on for all N measurements. We call this “scanner order”. The
Camino command scanner2voxel rearranges data into voxel order.

$ scanner2voxel -components 60 -numvoxels 983040 <
SubjectA.raw > SubjectA.vo.Bfloat

Camino’s output is raw binary, with no header information. We therefore follow
a naming convention for output, appending “.Bfloat” to the file name to iden-
tify the data format as big-endian float. The convention in Java is to read and
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Fig. 1. The data-processing pipeline.

write big-endian data, we follow this convention in Camino. Data in little-endian
format may be converted using the shredder program.

Every data file has an associated “scheme file”, which specifies the scanner
protocol used in the data acquisition. Specifically, the scheme file contains the
diffusion time and wavenumber for each measurement.

Camino’s data synthesizer emulates scanner sequences given a scheme file
and a test function for p. Measurements can be synthesised independently for
each voxel, or by bootstrap sampling from a small number of synthesised mea-
surements. The Gaussian model (Eq. 1), and the multi-Gaussian model (Eq. 3)
are implemented in Camino for use in data synthesis. Developers can add alter-
native models of p (eg the model proposed in [4]) by implementing the simple
ModelPDF interface:

public interface ModelPDF {

/%%
* Returns the value of the function at the specified point.
*

* Q@param x The point to sample at.

* Q@return The value of the function at x.
*/

public double at(double[] x);

/%%
* Returns the value of the FT of the function at the
* specified wavenumber.



*

* Oparam q The wavenumber to sample at.
* Q@return The value of the FT at q.

*/

public double ftAt(doublel[] q);

/%%

* Returns a list of principal directions of the test

* function.

*

* Q@return Array of principal directions. The first index is the
* principal direction number.

*/
public double[][] getPDs();

2.2 Reconstruction

The reconstruction stage takes as input raw data and reconstructs information
about p. The following command takes as input the raw data from “subject
A” the associated scheme file, and fits D to the log measurements by linear
regression:

$ dtfit SubjectA.Bfloat A.scheme > DT_A.Bdouble

The program outputs eight values for each voxel, in raw binary format. The
first value is the error code, which is zero if the fit was successful, otherwise a
nonzero code describes the nature of the error. The second value is log[A(0)],
the estimated signal at @ = 0. The remaining six values are the six independent
elements of D. The dtfit program processes a data set of 128 x 128 x 60 voxels
with 66 measurements per voxel in approximately two minutes on a 2.4 GHz
Pentium PC.

The dtfit program can fit D directly to the measurements using a Levenberg-
Marquardt algorithm, which offers better noise immunity [5]. Camino also sup-
ports the RESTORE method [6] for nonlinear fitting.

Camino features several high angular resolution or “multi fibre” reconstruc-
tion methods. The spherical harmonic algorithm of Alexander et al [7] detects
and models non-Gaussian diffusion. The algorithm fits a nested hierarchy of
spherical harmonic functions to the data and uses an F-test for deletion of vari-
ables to decide when to truncate the series. The results of the F-test identify
areas of isotropic diffusion (series order 0 spherical harmonic), anisotropic Gaus-
sian diffusion (order 2) or non-Gaussian anisotropic diffusion (order 4 or higher).
The voxelclassify program in Camino provides voxel classification using this
algorithm. Sec. 3 shows an example use of this program.

Camino implements two-Gaussian and three-Gaussian model fitting (Eq. 3).
Users may optionally constrain the fitting process to improve the results. The



mixing fraction f in Eq. 3 may be fixed and the fitted diffusion tensors may be
constrained to cylindrical symmetry.

The persistent angular structure [8] is a special case of spherical deconvolu-
tion [9], both are implemented in the current release. These methods are compu-
tationally intensive, nonlinear inversions of the diffusion data. The Camino team
is currently testing linear spherical deconvolution and the Q-ball algorithm [10]
to resolve multiple fibres. Future releases will include these algorithms.

2.3 Statistics

Voxel-based statistics of the diffusion can be extracted from the reconstructed
data. For tensors, two common statistics are Tr(D) and the fractional anisotropy
[11]. The Camino pipeline allows users to produce these statistics from raw data
by combining each stage into a single command:

$ scanner2voxel -components 60 -numvoxels 983040
< SubjectA.raw | dtfit - A.scheme | fa
-inputdatatype double > A.fa.Bdouble

Tr(D) is calculated in a similar manner, using the command trd instead of fa.
The dteig program outputs the entire eigen system of the tensor. The shredder
program extracts volumes from composite data sets. All of these programs handle
one, two or three tensors per voxel. Statistics on populations of voxels include the
mean and variance of scalar measures such as anisotropy, or the concentration
of fibre orientations.

Camino also provides voxel and population statistics from non-tensor data,
such as the output of PAS-MRI or spherical deconvolution. The sfpeaks pro-
gram extracts peaks of spherical functions and the Hessian at those peaks for
use in tractography [12].

2.4 Image features

Deterministic and probabilistic tractography [13,14] are currently being inte-
grated into the Camino suite. These algorithms will produce streamlines or con-
nectivity maps for connectivity analysis.

2.5 Visualisation

Camino’s primary purpose is to provide a pipeline-based suite of data processing
algorithms. All of Camino’s output data structure is documented kept as simple
as possible to facilitate integration with visualisation software. Visualisation fea-
tures may be added to future releases of Camino as another stage in the pipeline,
but are not a priority.

Camino currently contains only one visualisation tool, which is used to apply
the F-test for spherical harmonic voxel classification. These thresholds can be
determined interactively (Fig. 2) by piping the output of voxelclassify into
the vcthreshselect program.
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Fig. 2. The vcthreshselect program (left) and a slice from an anisotropy map (right).

2.6 Testing and documentation

The modular nature of Camino facilitates unit testing. Camino tests are written
using the open source JUnit (http://www.junit.org) framework and can be run
easily whenever the code is modified.

The user interface scripts are documented with Unix man pages. The source
code is documented with comments that may be parsed into HTML using the
javadoc command of the Java SDK.

3 Case study: connectivity-based partitioning of corpus
callosum

The accompanying MICCALI paper [3] uses Camino for diffusion MRI data pro-
cessing. The paper proposes a method to automate the partitioning of brain
structures based on the anatomical connectivity of white matter fibres to anatom-
ically distinct grey-matter regions. Grey matter is segmented manually in an
atlas brain, and nonrigid registration between the atlas and each subject pro-
vides a grey matter segmentation for each subject. The connectivity is inferred
from diffusion-MRI data using the probabilistic tractography algorithm that will
shortly be integrated into Camino. In this section we examine the role of Camino
in the production of that work.

Other open-source software was also used in the preparation of the paper. The
image processing was carried out on PCs running GNU / Linux. The non-rigid
registration algorithm [15] uses the The Insight Segmentation and Registration
Toolkit (ITK). The open-source Insight Snap tool [16] was used to label the atlas
brain and for data visualisation throughout the process.

3.1 Data processing with Camino

The process follows the Camino data pipeline, starting with the scanner data in
raw binary format. The first step is to convert the data to voxel-order.



$ scanner2voxel -voxels 983040 -components 66
< controll.raw > controll.vo.Bfloat

We then fit the diffusion tensor using the nonlinear fitting routine. We pass the
dtfit program the data, the scheme file, and the nonlinear option.

$ dtfit controll.vo.Bfloat c.scheme
-nonlinear > controll.nonlinearDT.Bdouble

By default, dtfit expects single-precision float data and outputs tensor data
as double-precision floats. The modelfit program offers more flexibility for ad-
vanced users, including specification of input and output data formats.

The probabilistic tractography algorithm allows one or two fibre orientations
to be defined in each voxel. We fit a two-Gaussian model to the data.

$ modelfit -inputfile controll.vo.Bfloat -schemefile c.scheme
-inversion 22 > controll.twoDT.Bdouble

The inversion index 22 instructs Camino to fit the model p = 0.5G(r;Dy,t) +
G(r;Da,t), where both tensors are cylindrically symmetric.

We use voxelclassify to tell the tractography when to use a two-fibre
model.

$ voxelclassify -inputfile controll.vo.Bfloat
-schemefile c.scheme -order 4 > controll.VCthresholds.Bdouble

We did not specify any F-test thresholds above, so the output from voxelclassify
is the result of the F-test in each voxel. We select the thresholds with the
vcthreshselect program.

These commands provided the input for the probabilistic tractography. The
MICCALI paper describes the algorithm.

4 Future development

The Camino team are currently implementing probabilistic tractography and
linear multi-fibre reconstruction routines. Other new features may be added as
research in the field progresses and in response to user feedback. Pre releases of
Camino are already in use at several centres around London and the UK. We
expects its use to become widespread with the first full release. The latest release
may be obtained from the Camino website
(http://www.cs.ucl.ac.uk /research /medic/camino).
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1 Introduction

Diffusion-weighted MRI allows us to examine the characteristics of water dif-
fusion in wvivo. Diffusion MRI measures the particle displacement density p in
each voxel of the image volume. The anisotropy of p reflects that of the tissue
microstructure. Statistics of diffusion are used extensively in clinical medicine
and biomedical research.

Diffusion MRI sequences typically acquire N measurements with different
“diffusion weighting” gradients in each voxel. Each measurement is a sample of
the Fourier transform of p a the wavenumber q. Several reconstruction algorithms
exist to fit models of p or extract useful features (such as anisotropy or fibre
orientation) from the data [1]. The most widely used model is the diffusion
tensor [2], which assumes a zero-mean, Gaussian p:

p=G(r;D,t) = ((4t)3 det(D))*% exp(—r"D tr(4t)71) (1)

where D is a symmetric, second-order tensor. The log of each measurement
provides a linear constraint on D:

log[A™(q)/A(0)] = q"Dq. (2)

Since D has six independent elements, DT-MRI requires measurements with at
least six independent q and one at q = 0, though more measurements are often
made to improve the robustness of the fit.

The diffusion tensor method fails when G is a poor approximation of p.
Examples of this can be seen easily in the brain when two or more bundles of



fibres cross within a single voxel. Several techniques exist to reconstruct multiple
fibre orientations within a voxel [1]. One method is to divide the voxel into
multiple compartments such that p is a mixture of zero-mean Gaussians:

M
p=Y_ fiG(r;Dit), 3)
i=1

where f1 —|—f2,...,+fM =1.

This paper examines the image processing steps involved in the study of
diffusion-MRI and shows how the open-source Camino software suite provides
the capability to extract clinically useful information from raw MRI data. In
Sec. 2, we introduce the data pipeline and summarise the features of Camino.
In Sec 3 we discuss the role of Camino in the companion MICCAT paper “An
Automated Approach to Connectivity-based Partitioning of Brain Structures”
(3].

2 Camino

Camino is an object-oriented software package for processing diffusion MR im-
ages and is written entirely in Java. Users may invoke the Java programs directly
or run the wrapper (bash shell) scripts provided with the software. Advanced
users can construct custom scripts or extend the source code to suit their needs.

The pipeline approach to data processing is illustrated in Fig. 1. The shell
scripts realise the pipeline approach and provide a stable interface for users,
which means that no knowledge of Java is required to use Camino. This section
examines each stage of the pipeline in detail.

2.1 Data sources

The data source can be data from a scanner or from Camino’s data synthesiser.
Data consists of N measurements in each voxel. Camino processes all data in
voxel order, where the measurements for each voxel are stored together. This
ordering facilitates the data pipeline model and allows each voxel to be processed
independently. The data pipeline allows easy parallel processing and processing
of large images with minimal memory consumption.

Data from scanners is not typically in voxel order, since the scanner acquires
a measurement over the whole image volume, then acquires the second mea-
surement, and so on for all N measurements. We call this “scanner order”. The
Camino command scanner2voxel rearranges data into voxel order.

$ scanner2voxel -components 60 -numvoxels 983040 <
SubjectA.raw > SubjectA.vo.Bfloat

Camino’s output is raw binary, with no header information. We therefore follow
a naming convention for output, appending “.Bfloat” to the file name to iden-
tify the data format as big-endian float. The convention in Java is to read and
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Fig. 1. The data-processing pipeline.

write big-endian data, we follow this convention in Camino. Data in little-endian
format may be converted using the shredder program.

Every data file has an associated “scheme file”, which specifies the scanner
protocol used in the data acquisition. Specifically, the scheme file contains the
diffusion time and wavenumber for each measurement.

Camino’s data synthesizer emulates scanner sequences given a scheme file
and a test function for p. Measurements can be synthesised independently for
each voxel, or by bootstrap sampling from a small number of synthesised mea-
surements. The Gaussian model (Eq. 1), and the multi-Gaussian model (Eq. 3)
are implemented in Camino for use in data synthesis. Developers can add alter-
native models of p (eg the model proposed in [4]) by implementing the simple
ModelPDF interface:

public interface ModelPDF {

/%%
* Returns the value of the function at the specified point.
*

* Q@param x The point to sample at.

* Q@return The value of the function at x.
*/

public double at(double[] x);

/%%
* Returns the value of the FT of the function at the
* specified wavenumber.



*

* Oparam q The wavenumber to sample at.
* Q@return The value of the FT at q.

*/

public double ftAt(doublel[] q);

/%%

* Returns a list of principal directions of the test

* function.

*

* Q@return Array of principal directions. The first index is the
* principal direction number.

*/
public double[][] getPDs();

2.2 Reconstruction

The reconstruction stage takes as input raw data and reconstructs information
about p. The following command takes as input the raw data from “subject
A” the associated scheme file, and fits D to the log measurements by linear
regression:

$ dtfit SubjectA.Bfloat A.scheme > DT_A.Bdouble

The program outputs eight values for each voxel, in raw binary format. The
first value is the error code, which is zero if the fit was successful, otherwise a
nonzero code describes the nature of the error. The second value is log[A(0)],
the estimated signal at @ = 0. The remaining six values are the six independent
elements of D. The dtfit program processes a data set of 128 x 128 x 60 voxels
with 66 measurements per voxel in approximately two minutes on a 2.4 GHz
Pentium PC.

The dtfit program can fit D directly to the measurements using a Levenberg-
Marquardt algorithm, which offers better noise immunity [5]. Camino also sup-
ports the RESTORE method [6] for nonlinear fitting.

Camino features several high angular resolution or “multi fibre” reconstruc-
tion methods. The spherical harmonic algorithm of Alexander et al [7] detects
and models non-Gaussian diffusion. The algorithm fits a nested hierarchy of
spherical harmonic functions to the data and uses an F-test for deletion of vari-
ables to decide when to truncate the series. The results of the F-test identify
areas of isotropic diffusion (series order 0 spherical harmonic), anisotropic Gaus-
sian diffusion (order 2) or non-Gaussian anisotropic diffusion (order 4 or higher).
The voxelclassify program in Camino provides voxel classification using this
algorithm. Sec. 3 shows an example use of this program.

Camino implements two-Gaussian and three-Gaussian model fitting (Eq. 3).
Users may optionally constrain the fitting process to improve the results. The



mixing fraction f in Eq. 3 may be fixed and the fitted diffusion tensors may be
constrained to cylindrical symmetry.

The persistent angular structure [8] is a special case of spherical deconvolu-
tion [9], both are implemented in the current release. These methods are compu-
tationally intensive, nonlinear inversions of the diffusion data. The Camino team
is currently testing linear spherical deconvolution and the Q-ball algorithm [10]
to resolve multiple fibres. Future releases will include these algorithms.

2.3 Statistics

Voxel-based statistics of the diffusion can be extracted from the reconstructed
data. For tensors, two common statistics are Tr(D) and the fractional anisotropy
[11]. The Camino pipeline allows users to produce these statistics from raw data
by combining each stage into a single command:

$ scanner2voxel -components 60 -numvoxels 983040
< SubjectA.raw | dtfit - A.scheme | fa
-inputdatatype double > A.fa.Bdouble

Tr(D) is calculated in a similar manner, using the command trd instead of fa.
The dteig program outputs the entire eigen system of the tensor. The shredder
program extracts volumes from composite data sets. All of these programs handle
one, two or three tensors per voxel. Statistics on populations of voxels include the
mean and variance of scalar measures such as anisotropy, or the concentration
of fibre orientations.

Camino also provides voxel and population statistics from non-tensor data,
such as the output of PAS-MRI or spherical deconvolution. The sfpeaks pro-
gram extracts peaks of spherical functions and the Hessian at those peaks for
use in tractography [12].

2.4 Image features

Deterministic and probabilistic tractography [13,14] are currently being inte-
grated into the Camino suite. These algorithms will produce streamlines or con-
nectivity maps for connectivity analysis.

2.5 Visualisation

Camino’s primary purpose is to provide a pipeline-based suite of data processing
algorithms. All of Camino’s output data structure is documented kept as simple
as possible to facilitate integration with visualisation software. Visualisation fea-
tures may be added to future releases of Camino as another stage in the pipeline,
but are not a priority.

Camino currently contains only one visualisation tool, which is used to apply
the F-test for spherical harmonic voxel classification. These thresholds can be
determined interactively (Fig. 2) by piping the output of voxelclassify into
the vcthreshselect program.
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Fig. 2. The vcthreshselect program (left) and a slice from an anisotropy map (right).

2.6 Testing and documentation

The modular nature of Camino facilitates unit testing. Camino tests are written
using the open source JUnit (http://www.junit.org) framework and can be run
easily whenever the code is modified.

The user interface scripts are documented with Unix man pages. The source
code is documented with comments that may be parsed into HTML using the
javadoc command of the Java SDK.

3 Case study: connectivity-based partitioning of corpus
callosum

The accompanying MICCALI paper [3] uses Camino for diffusion MRI data pro-
cessing. The paper proposes a method to automate the partitioning of brain
structures based on the anatomical connectivity of white matter fibres to anatom-
ically distinct grey-matter regions. Grey matter is segmented manually in an
atlas brain, and nonrigid registration between the atlas and each subject pro-
vides a grey matter segmentation for each subject. The connectivity is inferred
from diffusion-MRI data using the probabilistic tractography algorithm that will
shortly be integrated into Camino. In this section we examine the role of Camino
in the production of that work.

Other open-source software was also used in the preparation of the paper. The
image processing was carried out on PCs running GNU / Linux. The non-rigid
registration algorithm [15] uses the The Insight Segmentation and Registration
Toolkit (ITK). The open-source Insight Snap tool [16] was used to label the atlas
brain and for data visualisation throughout the process.

3.1 Data processing with Camino

The process follows the Camino data pipeline, starting with the scanner data in
raw binary format. The first step is to convert the data to voxel-order.



$ scanner2voxel -voxels 983040 -components 66
< controll.raw > controll.vo.Bfloat

We then fit the diffusion tensor using the nonlinear fitting routine. We pass the
dtfit program the data, the scheme file, and the nonlinear option.

$ dtfit controll.vo.Bfloat c.scheme
-nonlinear > controll.nonlinearDT.Bdouble

By default, dtfit expects single-precision float data and outputs tensor data
as double-precision floats. The modelfit program offers more flexibility for ad-
vanced users, including specification of input and output data formats.

The probabilistic tractography algorithm allows one or two fibre orientations
to be defined in each voxel. We fit a two-Gaussian model to the data.

$ modelfit -inputfile controll.vo.Bfloat -schemefile c.scheme
-inversion 22 > controll.twoDT.Bdouble

The inversion index 22 instructs Camino to fit the model p = 0.5G(r;Dy,t) +
G(r;Da,t), where both tensors are cylindrically symmetric.

We use voxelclassify to tell the tractography when to use a two-fibre
model.

$ voxelclassify -inputfile controll.vo.Bfloat
-schemefile c.scheme -order 4 > controll.VCthresholds.Bdouble

We did not specify any F-test thresholds above, so the output from voxelclassify
is the result of the F-test in each voxel. We select the thresholds with the
vcthreshselect program.

These commands provided the input for the probabilistic tractography. The
MICCALI paper describes the algorithm.

4 Future development

The Camino team are currently implementing probabilistic tractography and
linear multi-fibre reconstruction routines. Other new features may be added as
research in the field progresses and in response to user feedback. Pre releases of
Camino are already in use at several centres around London and the UK. We
expects its use to become widespread with the first full release. The latest release
may be obtained from the Camino website
(http://www.cs.ucl.ac.uk /research /medic/camino).
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