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Addendum

The Neurophysiological Biomarker Toolbox

Summary

Neurophysiological  signals  are rich  in  information.  This  information 
can extracted using multiple biomarkers. However, the single biomarkers 
only represent a small part the full information in the signals. Further 
information can be extracted by combining multiple biomarkers. Using 
data-mining  techniques  the  integrated  biomarkers  may  reveal  new 
information in  the integrated biomarkers that  was not obvious if  the 
single biomarkers were considered independently.

Performing data-mining on multiple biomarkers is easier if these bio-
markers are all stored in a well-defined format. A well-defined format 
also  facilitates  large-scale  cross  projects  meta-analysis  that  may  be 
essential for multi-dimensional analysis. 

For  this  we  developed  the  Neurophysiological  Biomarker  Toolbox 
(NBT).  NBT  forms  a  framework  for  large-scale  integrative  biomarker 
research, because NBT defines a common data structure of all biomark-
ers. NBT by its standard data semantic organizes data such that data-
mining algorithms easier can extract new information.

Our aim with NBT is also to support researchers at the more basic 
levels with easy-to-use biomarker algorithms, visualization, and tutorials 
on data processing. For the latter, we developed a tutorial and collabora-
tion  website  the  NBTwiki  (http://www.nbtwiki.net/),  which  provides 
tutorials on the use of NBT and signal processing in general.
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Addendum

Introduction 

t early became clear during the thesis work that better tools for 
biomarker research were needed. This led to the development of 
the neurophysiological biomarker toolbox (NBT), a Matlab toolbox, 

which has now become one of the core pillars of this thesis. The aim of 
NBT is to provide researchers with an easy-to-use and structured collec-
tion of biomarkers based on neurophysiological signal for integrative bio-
marker  research.  Based  on  the  structured  biomarkers  the  aim  is  to 
develop tools for large-scale biomarker mining, combined with tools for 
visualization and pre-processing. 

I

To our knowledge a toolbox with an equal aim as NBT does not exists. 
Toolboxes such as Fieldtrip (Oostenveld et al., 2011), EEGlab (Delorme 
and Makeig, 2004), and SPM (Friston, 2007) mainly focus on pre-pro-
cessing, visualization, or statistical analysis of trial based study designs, 
or single biomarker analysis. Tools for large-scale data-mining exist in 
various  forms as separated packages for  the R language  (Ihaka and 
Gentleman, 1996), SAS (http://www.sas.com) or the Weka toolbox (Hall 
et al., 2009) to mention a few. NBT focus on optimizing the whole pro-
cess from raw data to final results, and NBT may, therefore, form the 
glue between these tools. NBT is already heavily integrated with the pre-
processing and visualization functions in EEGlab.

Our ultimate goal with NBT is to develop a biomarker fingerprint of an 
individual subject that integrates all available biomarkers. This finger-
print could be used for diagnosis, and identification of the most optimal 
treatment.  Potentially  candidate  subjects  for  prophylactic  treatment 
might also be identified. The fingerprint could thus both be essential for 
pre-clinical  research,  but  also  for  medical  expert  systems  (Shortliffe, 
1986; Papageorgiou, 2011; Iantovics, 2012) 

In this addendum, I will give a short overview of the basic structure 
and organization of NBT. For updated and detailed information, please 
refer to the NBTwiki, http://www.nbtwiki.net/.

Development structure

A trending approach for software development is the so-called agile 
software development approach  (Dybå and Dingsøyr, 2008; Greer and 
Hamon, 2011), this approach encourage an iterative and dynamic devel-
opment process compared with the more structure approach of, e.g., the 
waterfall model (a step-wise development model). Since NBT is  open-
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Development structure

source and should be based on active use, we aim to implement an agile 
inspired approach for NBT development. This means that all users are 
actively encouraged to change and explore the NBT code. We hope this 
will make NBT evolve towards the tool that the user community is in 
demand of. We aim at creating a toolbox that fulfils the needs of its 
users. It should be easy for users to develop new features. We have 
organized NBT development for this purpose, with a basic version con-
trol system, bug list, and mail lists. NBT, therefore, exists in two ver-
sions;  the  released  version,  and  the  developmental  version.  The 
released version is curated and quality checked by the core developers. 
Our  agile  inspired  development  form has  given us  many  challenges, 
because active research projects and courses at the VU University Ams-
terdam have used the NBT code, and thus, complicated the process of 
implementing  new features  or  correcting  bugs,  because  of  backward 
comparability. This has, however, led to a robust toolbox, which on core 
levels is build on direct user feedback and bug reports.

The NBTwiki:  documentation and beyond.  We have as part  of 
NBT implemented a wiki website the NBTwiki (http://www.nbtwiki.net/) 
to stimulated collaboration, data sharing, and use of NBT. We decided to 
use the wiki format for the NBT website, because it allows users (with 
sufficient write permissions) to actively change the tutorials and docu-
mentation. The wiki format has also proven useful as a tutorial site dur-
ing courses, because it allows quick corrections to be made.

Figure A.1 The NBTwiki.net frontpage. 

The core of the NBTwiki is a Dokuwiki platform (www.dokuwiki.org), 
which we have adjusted to suit our needs. With focus on usability and 
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performance,  we have  in  this  process  developed two plugins  for  the 
Dokuwiki platform; the inlineeditor and smartcache plugins. These plu-
gins have both been released as open-source code (downloaded 581 
times in 2011). Furthermore, we have made many changes to the dok-
uwiki  code  to  make the  website  scale  to  our  demands.  We  actively 
develop the code and infrastructure underlying the NBTwiki for perform-
ance and usability. This, e.g., means that the NBTwiki pages in April-May 
2012 load on average two times faster than in October-November (1.8 
vs 3.5 seconds), which is also faster than 72% of sites on the Internet 
(Google webmaster tools).

The layout and content of the NBTwiki has emerged from a collaborat-
ive effort from many people. It already contains several tutorials, both 
ones  related  to  NBT,  but  also  to  signal  processing  in  general.  The 
NBTwiki tutorials have been referenced from wikipedia and, therefore, 
have increasing number of visits. In 2011 alone, the NBTwiki had 41.961 
page views, which is a 72% increase compared with the 24.350 page 
views in 2010 (Google analytics). Our associated videos on Youtube had 
2.242 views in 2011 alone.

Our goal for the NBTwiki website is to make it the main hub for tutori-
als, collaboration, and data sharing within the neurophysiological  bio-
marker research community. The NBTwiki is still in its preliminary stage 
of development, but we expect it to develop quickly with the help of 
future NBT users.

NBT processing flow and semantics

The core of NBT is a well-defined semantic and data structure. NBT is 
build of four main building blocks: 

• File and info objects – the metadata NBT database

• Biomarker objects

• Analysis files

• NBTelements – The NBT biomarker database

The main aim is to keep the integrity of biomarker data intact. This 
means that from the raw signal to the final result all meta-data storage 
is handled by NBT. This approach ensures that data on all levels of ana-
lysis can be shared with collaborators or used in meta-analysis without 
the need to re-evaluate their context. 
1. The NBT processing flow begins on the NBTwiki website. Here the 

user can read guidelines on proper experimental methodology. It 
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NBT processing flow and semantics

is  important  to  follow  these  guidelines  such  that,  e.g.,  the  
standard  eyes-closed  rest  condition  indeed  is  following  the  
standard protocol and that recordings are acquired with optimal 
quality.

2. Next,  the  user  should  set  up  the  NBTdatabase  structures  of  
meta-data. The NBTdatabase consists of NBT Info files; one file 
describing the meta-data of the project (e.g., conditions), and  
one file per subject storing the subject specific meta-data (e.g., 
age and gender). The aim of the NBTdatabase structure is to put 
meta-data on a common form, enabling future large-scale meta-
analysis studies to collect these data using a uniform data model. 
Each signal also has an attached  info file, which specifies the  
meta-data of that particular signal (note that in this context a  
“signal”  can  be  any  form of  measurement  —  from  which  a  
biomarker can be derived).

3. During  measurements  the  user  should  name  his  signal  files  
according  to  NBT  name  definition  
<ProjectID>.S<SubjectID>.<Recording  date  yyyymmdd>.<Con
ditionID>. This makes it possible for NBT to directly read the  
main  meta-data  about  the  Signal  (the  project  ID,  Subject  
ID, etc.). Furthermore, the user can use the NBTdatabase as a 
logbook to record important events during the recording. When 
the signals are recorded, the user can import them to NBT, which 
accept various data formats. 

4. Next step is to insure good quality of the signal. For EEG signals 
this  means  removing  artifacts  due  to,  e.g.,  eye  blinks,  eye  
movements, or heartbeat.  It  also includes visually  confirming  
that the signal looks normal, for instance, high alpha power at  
the correct topographic regions etc. The user can benefit from 
reading the tutorials on the NBTwiki on these issues.

5. When the signals are clean, it is time to calculate biomarkers on 
the signal. NBT provides a wide range of biomarkers, and it is  
fairly easy to implement new biomarkers that follow the NBT  
biomarker  model.  All  NBT biomarkers  follow  a  common data  
structure to improve transparency and to make it  possible to  
easily develop analysis scripts that will work on all biomarkers. 
These biomarkers are stored in NBT analysis files. NBT has  
several functions to visualize and analyse these biomarkers.

6. To bring biomarker analysis to a higher level, NBT also includes 
the possibility to import biomarkers to the NBTelements data-
base. When the data is in NBTelements it is possible to make  
structured queries on the biomarkers, e.g., find all subjects with 
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high alpha power and low alpha frequency. The purpose is that 
NBTelements will allow more advanced data mining to emerge.  
Importantly a user can also import  biomarkers from external  
sources, e.g., CSF biomarkers. 

7. Finally, when all analyses are done, and the results are 
published, it is our hope that the user will share both his  
experience and data on the NBTwiki. The aim is to engage the 
research  community  to  help  each  other  with  guidance,  
algorithms, and collaborations. Further, the collections of data  
from several  studies  should  enable  large-scale  meta-analysis  
studies, these studies are much needed to prioritize this vast  
amount of valuable information.

NBTelements: The NBT biomarker database

A core pillar of data mining in NBT is the NBTelements database. The 
NBTelements database was designed to allow NBT to handle complex 
information easily. From the standard semantic of a biomarker, NBTele-
ments provides a simple Get/Set data interface for querying and binding 
biomarker information together. Furthermore, NBTelements also support 
the storage of, e.g., results of statistical tests.

Similar  database  capabilities  could  also  have  had  been  obtained 
through already existing databases, but it would have had complicated 
the installation of NBT for the user, and not allow us the same flexibility 
as our own database library provides. In the following, we will give a 
short technical description of how NBTelements works. 

The  NBTelements  database  consists  of  core  blocks  of  information, 
e.g.,  a  biomarker,  these  blocks  are  named  NBTelements,  and  are 
ordered in a hierarchical tree based structure (Fig. A.2). In this structure 
each element has a parent, and potentially several children. 

In each element, the data is stored with a unique so-called Pool ID, 
that defines the full upstream path. This more specifically means that its 
Pool ID and Poolkey, where Poolkey explains how the Pool ID should be 
decoded,  represent  any  data  item  uniquely  in  the  database.  As  an 
example a data item can be store as Pool ID 34.5.2.89 with Poolkey 
6.3.2.1, which means the data element is nr 34 in Element 6, and is 
bound upward to data item nr 5 in element 3 and so on. This tree struc-
ture allows searches to be performed, because it is possible for an ele-
ment in one branch to limit an element in another branch by limiting the 
upstream common parents.  NBTelements also supports advanced quer-
ies such as, e.g., “10 < nanmedian($) @AlphaFreq”, meaning “find nan-
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median of AlphaFreq which is higher than 10”. Here the NBTelements 
interpreter will insert the  biomarker  defined by the @ sign in place of 
the $ sign.

Figure A.2  The NBTelement database has a 
hierarchical tree-based structure. 
Here we show a basic structure with a Subject 
root  element  that  contains  subject  IDs,  the 
children elements  Gender  and  Condition  add 
information to these subject IDs. The  Condi-

tion element furthermore has an exampleBio-
marker attached;  this  element  contains  bio-
marker  information  measure  for  subject  in 
specific  condition. The  tree-based  structure 
makes it possible to perform searches in the 
database  directly  in  Matlab  by  using  simple 
getData  statements.  NBTelements  also  sup-
ports  more  advanced  search  expression  to 
search for subjects with,  e.g.,  an alpha fre-
quency above a 10 Hz.

The NBTelements database employes active de-duplication of data in 
order to optimize and compress the information search. This means that 
equal data should be assigned to equal ID.

To represent more complex information such as the result of statist-
ical  test,  the  NBTelements  database  also  has  a  relation  field,  which 
through standard semantics  defines  the “relation”  with  other  NBTele-
ments, e.g., if the information is associated with two conditions.
The NBTelements is an in-memory based database, which means that it 
usually will be faster than loading the information from disk. In a simple 
test we found that using NBTelements in the main NBT statistics GUI 
increased the speed 5 times compared with the alternative method of 
loading the data from the analysis files.

We expect the NBTelements database to develop even further with 
connectors to relational database and Extensible Markup Language/Web 
Ontology Language (XML/OWL) export features. We plan to develop a 
NBT OWL ontology framework for this purpose. This could be similar to, 
e.g., the NEMO OWL ontology framework developed for ERP analysis by 
(Frishkoff et al., 2009). An ontology framework, will give a well-struc-
ture  definition  of  NBT biomarker  information,  thus  allow even better 
data-mining.  This  may  allow  biomarker  information  related  to  other 
information in the so-called “semantic Web”  (Berners-Lee and Hendler, 
2001; Berners-Lee et al., 2001; Feigenbaum et al., 2007).
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Beyond single biomarker classification.

ferent biomarkers measure different properties of the system — and, 
therefore, if combined gives a better overall picture of the state of the 
system (Figure A.3). We can, e.g., imagine that we have two biomarkers 
A and B; if A alone is high, or B alone are high — we can probably say 
something about the system — but if, e.g., both A and B are high, or A 
is high — B is low — we have extended our classification with one addi-
tional dimension — the combined measure of A and B (Figure A.3). Now, 
if we bring this up on a larger scale with multiple biomarkers we get an 
increasingly fine-grained understanding of  the underlying system; we 
will not gain this understanding if we only look at the parts separately. 

Another reason is that we increase the reliability of our classification 
with multiple biomarkers. All biomarkers have a certain measurement 
error, if we have multiple biomarkers these errors are reduced because 
the classification is  not  based on the potential  error  in  a single bio-
marker.

A major problem in the diagnostic of patients is that often that the 
disorder is a mixed disorder of, such as, Alzheimer's disease and depres-
sion;  or  disorders  combined  with  drug  (mis)use  and  differences  in 
genetic composition. The synergistic effect of combined biomarkers can 
likely counteract these co-founding effects, because a more complete 
picture of the patient's status is presented.

Multiple biomarkers may potentially solve the issue of genetic vari-
ation. This is possible if some of the biomarkers are not influenced by 
disease,  but  instead  indicate  the  genetic  status  of  the  patient.  For 
instance, if  we know that high alpha frequency should correlate with 
high beta frequency, then if the patient has high alpha frequency, but 
low beta frequency he might have a disease. Whereas if the alpha fre-
quency is low, and beta frequency is low; the low beta frequency is not 
an indication of disease.

Ultimately,  we  want  to  design  a  decision support  engine  that  can 
integrate all information from a patient into a report, which a medical 
doctor can use to make the final diagnosis. We could imagine this pro-
cess could become so intelligent that we can replace the doctor in the 
process. However, this would not mean the doctor would loose his job, 
but that his role will become different.

This all sounds very good, but is it that easy? The short answer is 
“no”.  Integrating multiple  biomarkers  is  not  easy.  When data  mining 
several biomarkers, the immediate statistical issue is how to deal with 
multiple comparisons.  The problem with multiple  comparisons is  that 
either we will loose power, by requiring very low p-values, or we loose 
the ability to say if our results are significant. 
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The solution to this dilemma depends on the aim of our tests. We 
suggest, that for data mining purposes — where we are not testing a 
specific  hypothesis,  the  solution  is  to  not  use  null  hypothesis  tests. 
Instead, we suggest to use effect sizes to map how much two groups 
are different in multiple biomarkers. With effect sizes, we do not make 
any claims on the significance of the individual effects, but merely state 
the size of the effect. This approach clearly breaks with traditional stat-
istics, where you would evaluate how likely it is that your result could 
have had occurred randomly. The traditional approach, however, means 
that we need to drop potential differences between groups. In data min-
ing, we rather have many false positives, and fewer false negatives. 

With effects sizes we bypass the multiple comparisons problem. Here 
we say that if the effect size is above a certain threshold, then it is inter -
esting. The point to make here is that, if we would use the traditional 
approach we could decide to take out one significant biomarker from our 
whole  set  of  results,  and  then  only  report  that.  This  is  not  a  fair 
approach, because it does not give a complete picture. Here we instead 
reduce our claims of significance, in order to cover a broader spectrum 
of biomarkers with optimal power. The picture we get by this approach is 
complete,  but  naturally  disturbed  by  'random'  defects,  that,  will  be 
cleared by follow-up studies. 

To get around the fact, that we somehow still need to evaluate if our 
results,  our  “complete picture”,  is  creditable,  we suggest  to  combine 
several biomarkers and do null hypothesis tests on the combined classi-
fications. This we, for instance, did in Chapter 6 using logistic regres-
sion.

Two interlinked issues remain; the amount of data, and a potential 
biased population sampling. If we combine several biomarkers, we also 
increase  the degrees  of  freedom. We,  therefore,  need a lot  of  data, 
because otherwise we risk that our classification solution will be over-fit-
ted. This means that the solution will not be applicable to the general 
population, but only to the specific sub-sample. Further, with low sample 
sizes we cannot be certain that the sample is representative of the pop-
ulation. The single best solution for this problem is to have a sufficiently 
“large” sample size. What constitute a “large enough” size depends on 
how homogeneous the general population is.
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Hidden technology advances: Artifact removal using NBT

Hidden technology advances: Artifact removal 

using NBT

One of  the spin-offs  of  NBT is  an improved procedure for  artifact 
removal in high-density EEG data. This is not a core element of NBT, but 
we found that it was also a not a well-discussed subject in the literature. 

The main issue with high-density EEG cleaning is that it different from 
cleaning of low-density EEG. The usual approach of cleaning low-density 
EEG is to first remove transient artifacts, and thereafter, using independ-
ent component analysis to remove, e.g., eye-artifacts. These artifacts 
are usually easy to identify. High-density EEG (HDEEG) requires careful 
pre-processing, mainly due to the many channels, to give clear artifact 
components. HDEEG often have bad channels that needs to be removed, 
and with normal recording times the dimensions of the signal also need 
to be reduced using principle component analysis (PCA) to give appro-
priate ICA components. Using NBT and the NBTwiki, we have carefully 
documented  experiences  of  processing  these  HDEEG  signals,  which 
means our students can now clean these HDEEG signals easily. This sug-
gests that the NBT ecosystem can potentially improve the general qual-
ity of research, also outside its core scope.

Outlook

We expect to release the first full release of NBT at the end of 2012, 
currently we have only released “Release Candidates”. In the future, we 
will especially focus on developing the higher-level data mining functions 
in NBT. We also expect that our NBTwiki tutorials on signal analysis will 
attract much interest. We hope this interest will  engage user in both 
using and improving the NBT and NBTwiki. 

A core aim of NBT is to allow easy data sharing and meta-analysis. 
NBT will facilitate large-scale data mining of several studies, and using 
NBTelements it is possible to study interactions between, e.g., EEG bio-
markers and specific population parameters. Overall, NBT will  make it 
easier to perform research and, therefore, indirectly improve our know-
ledge of the brain in health and disease. We expect the NBTwiki website 
will be the core hub for such studies.
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