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Abstract
Background: Voxel-Based (VB) analysis embraces a multifaceted ensemble
of sophisticated techniques, lying at the boundary between image processing
and statistical modeling, that allow for a frequentist inference of pathophysio-
logical properties anchored to an anatomical reference. VB methods has been
widely adopted in neuroimaging studies and, more recently, they are gaining
momentum in radiation oncology research. However, the price for the power of
VB analysis is the complexity of the underlying mathematics and algorithms.
Purpose: In this paper, we present the Multi-pAradigM voxel-Based Analysis
(MAMBA) toolbox, which is intended for a flexible application of VB analysis in
a wide variety of scenarios in medical imaging and radiation oncology.
Methods: The MAMBA toolbox is implemented in Matlab. It provides open-
source functions to compute VB statistical models of the input data,according to
a great variety of regression schemes, and to derive VB maps of the observed
significance level, performing a non-parametric permutation inference.The tool-
box allows for including VB and global outcomes,as well as an arbitrary amount
of VB and global Explanatory Variables (EVs). In addition, the Matlab Parallel
Computing Toolbox is exploited to take advantage of the perfect parallelizability
of most workloads.
Results: The use of MAMBA was demonstrated by means of several realistic
examples on a synthetic dataset mimicking a radiation oncology scenario.
Conclusion: MAMBA is an open-source toolbox, freely available for academic
and non-commercial purposes. It is designed to make state-of -the-art VB
analysis accessible to research scientists without the programming resources
needed to build from scratch their own software solutions. At the same time, the
source code is handed out for more experienced users to complement their own
tools, also customizing user-defined models. MAMBA guarantees high general-
ity and flexibility in the design of the statistical models, significantly expanding
on the features of available free tools for VB analysis. The presented toolbox
aims at increasing the reach of VB studies as well as the sharing of research
results.
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1 INTRODUCTION

Over the last three decades, different methods have
been devised for investigating spatial relationships
between several types of medical scalar fields and
clinical conditions of patients. Such methods, over-
all referred to as Voxel-Based (VB) analysis, enable
valuable inferences of pathophysiological properties
spatially normalized to a Common Coordinate Sys-
tem (CCS). In particular, VB analysis has been widely
used for assessing structural or functional changes
in neuroanatomical images involving a voxel-wise
comparison of the intensity (in Magnetic Resonance
Imaging [MRI]) or activity (in nuclear medicine) of brain
tissue between groups of individuals.1,2 VB morphom-
etry represents a very useful tool for investigating the
pathophysiological patterns of several neuroinflamma-
tory or neurodegenerative diseases.3

Following the example of neuroimaging studies, VB
analyses have been recently introduced in the field of
radiation oncology. In this context, VB methods were
applied to the analysis of dose distributions in which
local dose response patterns are evaluated against a
given radiation-related outcome. So far VB analyses
have been indeed applied to several tumor types and
to different toxicity endpoints4–7 or survival.8,9

A VB analysis involves two main steps. First, patient
images or maps are spatially normalized to a CCS
defined by a template.Once images or maps required for
a VB model have been accurately anchored,a statistical
analysis is performed according to a given regression
scheme to make inferences on group differences.

In this paper, we present a Matlab (MathWorks—
Natick, Massachusetts, USA) toolbox for the application
of multi-paradigm VB statistical analysis,called MAMBA,
specifically designed to conform with some principles
that reflect the authors’ view on good practice in VB
analysis: (1) to relax the parametric assumption on
involved distributions; (2) to correct for massive mul-
tiple comparisons; and (3) to allow a Threshold-Free
Cluster-Enhancement (TFCE) filtering of the statistic
maps.10 In addition, MAMBA guarantees high general-
ity and flexibility in the design of the statistical models,
by bringing together for the first time: (1) built-in design
of Generalized Linear Models (GLMs) and Cox pro-
portional hazards regressions; (2) the opportunity to
customize user-defined models; (3) arbitrarily mixed
global and VB regressors/outcomes; and (4) a native
parallel computing of the VB models.

This first release of the toolbox is open source, dis-
tributed under GPL license, and freely available for
download at https://github.com/pippipalma/MAMBA for
noncommercial research and educational uses.

The toolbox is implemented in Matlab in a procedural
programming style to provide a non-proprietary solu-
tion to the scientific community users, who can freely
adapt the functions according to their own needs. Mat-

lab, indeed, provides a simple syntax, as well as flexible
high-level language constructs,good floating-point com-
putational speed, and cross-platform availability. These
features triggered a widespread diffusion of Matlab
in the biomedical community, with a further positive
feedback sparked by the popularity of some toolboxes
externally developed by specific research groups and
made freely available to the users (e.g., SPM12 in
neuroimaging or CERR in radiation oncology11).

In addition, the Parallel Computing Toolbox allows for
a straightforward coding of high-level constructs that
enable the parallelization of statement iterations in a
loop on a parallel pool of workers on multi-core com-
puters or clusters, without the need of programming
with the Message Passing Interface. This represents
an invaluable opportunity in the context of VB analysis,
since both VB statistical models and significance per-
mutation tests are examples of perfectly parallelizable
workloads.

MAMBA runs on Matlab R2019b and later, and most
common running configurations make extensive usage
of the Statistics and Machine Learning Toolbox. Ear-
lier Matlab releases might require minor changes on
the code; while they could be easily implemented by
experienced Matlab users, we might plan to extend the
backward compatibility of the toolbox based on the
community feedback.

2 METHODS

The aim of MAMBA is to make the statistical segment of
VB analysis accessible to scientific community, offering
a unique set of statistical and computational features. It
provides a comprehensive tool that, starting from clini-
cal data and spatially normalized images, supports the
user, with highly configurable built-in functions, through
the data preparation for the VB statistical analysis, to the
appropriate definition of advanced VB model and the
computation of the associated statistics.

2.1 Main functions

The MAMBA toolbox consists of four main functions:

1. image_read;
2. image_clin_merge;
3. VBmodel;
4. perm_test.

They are meant to be directly called by the user, as
opposed to a set of auxiliary functions (stored in the sub-
folders Engine/ and External/), which are required by
the main functions to perform internal steps and should
not be considered of direct interest to the end-user per-
forming a VB analysis. Here, we introduce the tasks

 24734209, 2023, 4, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.16260 by C

ochraneItalia, W
iley O

nline L
ibrary on [04/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://github.com/pippipalma/MAMBA


MAMBA: A COMPUTATIONAL VBA COOKBOT 2319

F IGURE 1 Flowchart of Multi-pAradigM Voxel-Based Analysis
(MAMBA) toolbox. TFCE, Threshold-Free Cluster-Enhancement; VB,
Voxel-Based.

performed by the four main functions and how they are
meant to interact and be used (Figure 1).

The detailed description of the toolbox functions
can be found in the Chapter “Reference manual” of
Docs/UserManual.pdf on the GitHub repository.

The MAMBA toolbox revolves around one main func-
tion, VBmodel, which produces a VB statistical model
of the input data according to several regression
schemes. The built-in schemes include GLMs, Cox pro-
portional hazards regressions,and analyses of variance
(ANOVA); in addition, MAMBA allows for the design
of customizable user-defined model. VBmodel takes as
input the data associated with the cohort of patients
to be modeled and returns as output a list of model
statistics. The function is able to handle input data
that could include both global (e.g., age, sex, etc.) and
VB (e.g., spatially normalized ND images, with N ≥ 1)
variables, independently as regressors or outcome vari-
ables.VBmodel allows for a flexible storage of potentially
many model statistics (e.g., GLM coefficients β, t statis-
tics or p-values for β, etc.) for each voxel within a single
VB array. The VBmodel function includes a large number
of options that allow to specify, for example, the dis-
tribution of the outcome, as well as the parallelization
strategy.

In a typical VB analysis, VBmodel is directly invoked
by the user to inspect the effect size associated with
each regressor of interest, for example, in terms of
coefficients β in a GLM or hazard ratios in a Cox
regression.

Also, VBmodel is invoked multiple times through the
call to the second main function perm_test, which

derives a VB map of the observed significance level
for a specific regressor of interest. It performs a non-
parametric permutation inference12 for the general class
of statistical models suitable for VBmodel, including but
not limited to the ones provided with MAMBA. To cor-
rect the significance map for the multiple comparisons,
perm_test controls for the familywise error rate by esti-
mating the null distribution of a summary statistic,which
is given by the maximum VB statistic (hereafter maxT,
regardless of the actual symbol for the statistic) over
the region of interest.13 The input type signature of
perm_test is the same of VBmodel, except for some
additional options that define the hypothesis test asso-
ciated with the VB model. For example, the function
perm_test allows to configure the shuffling strategy of
the permutation test (i.e., the “Shuffle Y” scheme12,14,15

or the “Shuffle Z” scheme12,15,16), as well as the side of
the test to perform. The TFCE filtering of the statistic
maps can also be enabled and configured. In addi-
tion, the execution of perm_test can be speeded up
using a subsampling scheme with negligible cost in
terms of approximation error, as well as exploiting the
implemented parallelization strategy.

There are several accepted formats for input data to
VBmodel and perm_test, in order to ease the use of the
MAMBA toolbox in both real and in silico analyses, as
described in the toolbox reference manual.They include
multi-dimensional numerical arrays for both Explana-
tory Variables (EVs) and outcome, as well as structures
of data containing also patient-specific spatial masks.
Such formats typically prove useful in studies performed
in silico, in which the global variables characterizing the
virtual patients within the VB model are lightly stored as
numeric or logical values.

However, the global data on real cohorts of patients
are typically stored in table-like structures, such as
spreadsheet documents, which include demographic
and clinical variables in potentially many data types
(numbers, logicals, categorical variables, dates, time
series, etc.). On the other side, the ND spatially normal-
ized images or maps (morphological images, such as
CT or MRI; functional images, such as PET or SPECT;
regions-of -interest and structure masks; radiation dose
spatial distributions or surface maps; etc.) required for
the VB model are likely saved in patient-specific files
produced by a co-registration tool. Therefore, in our
experience, two additional functions help to handle the
phase preceding a clinical VB analysis:image_read and
image_clin_merge.

The function image_read reads the patient-specific
maps according to a set of options customizable by the
user, possibly including a smoothing step with a Gaus-
sian kernel and a grid subsampling. It can be called
directly by the user, or can be invoked by the func-
tion image_clin_merge, which handles the remaining
data pre-processing before it is used by VBmodel and
perm_test: it joins patient-wise the images obtained
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by image_read and the variables in the table with
demographic/clinical data; it computes the derived vari-
ables specified by the users according to a flexible and
easy-to-implement Polish (i.e., prefix) notation; it pro-
vides a customizable framework for the imputation of
missing data (for a careful handling of imputation tech-
nique please refer to Van Buuren et al.17); and, finally,
it offers a selection tool of global EVs based on the
elastic net regularization of the outcome regression.18

The outputs of the image_clin_merge function are a
structure with general info on the dataset and a ready-
to-use table. They contain all the required data for the
following statistical analysis, in a format that allows
users to easily set the EVs and the outcome of their
VB model, without concern regarding their dimensional-
ity. In particular, the image_clin_merge function is able
to provide both a global region of interest, or a refined
version of it according to user-defined operations, and
patient-specific masks for the subsequent VB analysis.
In addition, the function can perform a patient selec-
tion based on the conditions defined by the user on the
available variables.

2.2 User interaction

MAMBA is an intuitive command-line toolbox, conceived
to allow also users without programming experience to
design complex VB model and hypothesis test in a user-
friendly way.

Indeed, the options of the four main MAMBA functions
can be easily configured specifying pairs of name-value
arguments;a scalar structure or a path to MAT-files,from
which field name-value pairs are extracted.For each pair,
a default value is set according to most common modes
of use perceived by the authors of the toolbox.

The interested reader may refer to the MAMBA Ref-
erence Manual for a comprehensive description of the
available options and on how to provide them.

A typical and complete VB statistical analysis on clini-
cal data consists of three main steps in the MAMBA tool-
box: the data reading by the function image_clin_merge
(invoking image_read); the calculation of the voxel-wise
effect size (e.g., the regression coefficient or the mean
difference) of interest by the function VBmodel; and the
computation of the associated p-map by the function
perm_test.

2.3 Input data

When starting a new analysis, MAMBA needs clini-
cal/demographic data and images that are spatially
normalized to a template. The image_read and the
image_clin_merge functions are designed to read,
respectively, images and clinical table from MAT-files.
In particular, for spatially normalized images, this allows

to be independent from the specific format of the
chosen pre-processing software. Users are invited to
use existing third-party tools for importing the spe-
cific file types associated to the normalized images
and the Matlab proprietary functions to import clinical
spreadsheets.

For each patient, MAMBA requires a separate MAT-
file containing the images that might be read and
included into the analysis, together with patient-specific
masks, if available. Also, time series of VB variables
(e.g., diagnostic images acquired at several time-points
or RT dose maps delivered in sequential treatments or
re-irradiations), in which the time variable could play a
relevant role, can be handled by MAMBA and stored in
the patient MAT-file.

Finally, the anatomical structures that may be used to
define the global region of interest for the subsequent
VB analysis are expected to be stored in the template
MAT-file.

3 WORKED EXAMPLES AND RESULTS

On the GitHub repository, the user will find the
Chapter “Worked examples and clinical results” in
Docs/UserManual.pdf. Therein, we present some
explicative results obtained using MAMBA on a pur-
posely generated synthetic dataset, providing a direct
means to test the proposed computational tool; we
provide a full description of the toolbox options used in
the worked-out examples, along with the toolbox config-
urations that led to clinical results previously published
in the literature.19–23

While MAMBA is intended for general-purpose VB
analysis, the examples presented are drawn from sce-
narios related to radiation oncology,since the application
of VB methods in this field is relatively recent compared
to the experience of medical imaging and, specifi-
cally, neuroimaging. Therefore, researchers interested
in exploring radiobiology patterns through VB analy-
sis are likely to take particular advantage of dedicated
examples.

4 DISCUSSION AND CONCLUSION

In this paper, we presented the MAMBA toolbox, a set
of Matlab functions for the application of multi-paradigm
VB statistical analysis in the field of medical imaging and
radiation oncology.

MAMBA represents the computational companion
to our previously published VB analysis methodologi-
cal cookbook,13 where the key elements and possible
options for accurate VB statistical inference on dose
maps were discussed, and the underlying mathemat-
ics was theoretically elucidated. In the computational
cookbot introduced by the present paper, instead, we
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TABLE 1 Comparison of features included in MAMBA and in other free tools for Voxel-Based (VB) analysis.

Feature in MAMBA VoxelStats PALM SurfStat BPM glim_image

General linear model ✓ ✓ ✓ ✓ ✓

Generalized linear model ✓ ✗ ✗ ✗ ✓

Cox regression ✗ ✗ ✗ ✗ ✗

User-defined model ✗ ✗ ✗ ✗ ✗

VB explanatory variables ✓ ✓ ✗ ✓ ✗

Global explanatory variables ✓ ✓ ✓ ✓ ✓

VB outcome ✓ ✓ ✓ ✓ ✓

Global outcome ✓ ✗ ✗ ✗ ✗

Interaction of VB explanatory variables ✓ ✗ ✗ ✗ ✗

Patient-specific masks ✗ ✓ ✗ ✗ ✗

Multiple comparison correction ✓ ✓ ✓ ✓ ✗

Threshold-free cluster enhancement ✗ ✓ ✗ ✗ ✗

Non parametric statistics ✗ ✓ ✗ ✗ ✗

Parallel computing ✓ ✗ ✗ ✗ ✗

Abbreviation: BPM, Biological Parameter Mapping; MAMBA, Multi-pAradigM voxel-Based Analysis; PALM, Permutation Analysis of Linear Models.

implemented several strategies that we have devised
while facing the problems encountered in many different
clinical studies performed in the last years. In this way,
MAMBA is intended to make the statistical segment of
VB analysis accessible to radiation oncology community
and to enable investigation on complex radiobiological
mechanisms.At the same time, thanks to its high flexibil-
ity, it makes the methods originally developed for specific
needs of the RT field available for the medical imaging
community.

The set of statistical and computational features
offered by MAMBA is, to the best of our knowledge,
unique when compared with the similar open-source
toolboxes,12,24–27 and substantially expands the scope
of VB analysis applications (Table 1).

The great variety of available statistical models,along
with the opportunity to include an arbitrary amount
of VB or global EVs that impact on either VB or
global outcomes, can open new ways of exploring sta-
tistical relationships in radiobiology28 and multimodal
imaging.29 Such multi-variable VB analysis is likely to
prove particularly valuable in quantitative MRI, which
typically leads to the mapping of several, independent
magnetic resonance parameters.30,31

Clearly, the use of MAMBA requires a preprocessing
phase consisting in an accurate spatial normalization
step, which is not provided by our toolbox. Indeed,
MAMBA is intended for general-purpose VB statistical
analysis, while several and already optimized solutions
exist for spatial normalization in different clinical set-
tings, which are also standard de facto in the different
communities of neuroimaging (e.g., SPM [https://www.
fil.ion.ucl.ac.uk/spm/], FSL [https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/] and ANTs [http://stnava.github.io/ANTs/]) and
radiation oncology (e.g., NiftyReg [http://cmictig.cs.ucl.

ac.uk/wiki/index.php/NiftyReg], Elastix [http://elastix.isi.
uu.nl] and Plastimatch [https://www.plastimatch.org]).

To facilitate its distribution, MAMBA is hosted
at https://github.com/pippipalma/MAMBA as an open-
source code freely available for academic and non-
commercial purposes. Though we do not plan to estab-
lish a collaborative software development project, users
are welcome to send comments and pull requests. In this
respect, depending on the feedback from the users, we
plan to implement in the future a graphical user interface;
also, we expect to add new tools for the RT community
related to the preliminary analysis of dose datasets21,32

and to the modeling of VB Normal Tissue Complication
Probability (NTCP).33

In conclusion, we hope that the MAMBA Toolbox will
foster the diffusion of VB analyses as well as the consol-
idation of networks of researchers that could “fail better”
and better in designing and applying VB tools.
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