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Foreword

More than a century ago, Ramón y Cajal provided a qualitative description of neuronal
branching in all its forms and variants . However, few rigorous and useful formalisms exist even
today to describe neuronal branching . In particular, working with functional models consisting
of detailed neuronal morphologies reveals this gap. Ways to compare branching structures
between different types of neurons or neurons of the same type are a source of growing
interest in the neuroscience community, and yet morphological statistics remain mostly
unrelated to their functional impact .

With the TREEStoolbox we aim to take two important steps :

1. We start with a simple description of neuronal morphology and provide the basic tools to
edit, visualize and analyze neuronal trees on the basis of this description .

2. We develop an approach which assumes that neuronal branching can largely be expressed by
local optimization of total wiring and conduction distances, and provide tools to automatically
reconstruct neuronal branching from microscopy image stacks and for generating artificial
branched structures .

This software package is written in Matlab (Mathworks, Natick, MA), the most widely used
scientific programming language . We hope that other groups can therefore easily add to the
TREEStoolbox with their own code for their own specific applications, and the code is therefore
freely distributed . When publishing scientific work using this toolbox please cite the current
paper :

"One rule to grow them all : A general theory of neuronal branching and its practical application .
Cuntz H, Forstner F, Borst A, Häusser M 2010 PLoSComputational Biology" .

We encourage users of the toolbox software to recommend the toolbox to their peers, and also
to funding and award agencies .

In return for the services we provide with this toolbox, we invite users to incorporate any
extensions and/or related code which they develop . Ideally, suggestions for improvements or
add -ons to the code should be sent directly as improved pieces of code. The contributorõsname
will be mentioned in the header of the function when integrated in the toolbox and in the
toolbox documentation . For the contribution of a new method to either generate artificial
neurons or reconstruct neuronal morphology from image stacks we offer to call the core
function òlastnameofcontributor_tree óto acknowledge the authorõscontribution . We hope that
this will provide a further incentive for making contributions to the toolbox .

Hermann Cuntz, Friedrich Forstner , Alexander Borst, Michael Häusser

This work was supported by the Gatsby Charitable Foundation, the Wellcome Trust, the 
Alexander von Humboldt Foundation, and the Max -Planck Society.

This document is supplementary material Protocol S1 to a manuscript entitled  òOne rule 
to grow them all: A general theory of neuronal branching and its practical applicationó  
published in PLoSComputational Biology. The software package and updated  materials 
are available at www.treestoolbox.org.
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Definitions    a tree is a graph

branch

branch

point (B)
continuation

point (C)

branch

As a graph, a tree is represented by a set of labelled nodes connected by edges. Since most
statistics describing a neuronôsbranching relate to the root (e.g. branch order, which increases
after each branch point on the way from the tree root to all terminal nodes) it makes sense to
attribute a directionality to the edges and to define the root as the node with the index 1. All
edges lead away from the root . That defines their directionality uniquely .
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The directed adjacency matrix describes how 

nodes are directionally connected to a graph

1 2 3 4 5 6 7 8

1 0 0 0 0 0 0 0 0

2 1 0 0 0 0 0 0 0

3 0 1 0 0 0 0 0 0

4 0 0 1 0 0 0 0 0

5 0 0 1 0 0 0 0 0

6 0 1 0 0 0 0 0 0

7 0 0 0 0 0 1 0 0

8 0 0 0 0 0 1 0 0

looking at trees using graph theory
Definitions    adjacency matrix

When neuronal trees are regarded as graphs, their branching structure can be well described with
the corresponding directed adjacency matrix dA (see òdA_tree ó), a quadratic matrix of size NxN
where N is the number of nodes in the tree . As mentioned earlier, the direction of the edges shows
away from the first point, representing the arbitrary starting vertex S (= 1), the root of the tree .
Note that the widely used .swc format (Cannon RC, Turner DA, Pyapali GK, Wheal HV, 1998 , J
Neurosci Methods 84: 49-54) for storing neuronal morphology is nothing else than a sparse
representation of the adjacency matrix since it simply attributes to all nodes (row index) a parent
node (column index) .

Not each possible directed adjacency matrix represents a possible neuronal tree, since loops and
branching points with more than two child branches are possible, but do not exist in natural
dendritic trees . dA therefore never contains more than two entries in one column and no entry will
lay directly on the diagonal . Also, each node has exactly one parent, apart from the root, which has
none . Each row of dA therefore contains exactly one entry apart from the first, which contains
none .

adjacency matrix dA

In order to derive most dendritic branching statistics using the typical descriptions, an algorithmic
formulation by recursion is required to òwalkóthrough a tree and collect statistics . Many
operations for example on dendritic trees require processing with a stack and can therefore not be
written analytically . With repeated matrix multiplication on the directed adjacency matrix as in dA r

the (i, j )-entry represents the number of distinct r -walks from node i to node j in the graph .
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Further order r parents are simply obtained by applying repeated matrix multiplication (see
òipar_tree ó):

Where r = 0 corresponds to the node itself, r = 1 the parent, r = 2 the grand -parent etcé

( )Trr NdAipar ...21³=

Using simple multiplications of the adjacency 

matrix allows one to òwalkó through a tree

looking at trees using graph theory
Definitions    using graph theory

Therefore, the derivation of some elementary branching properties follows directly from the
graph representation of the tree . As such, the child nodes of each node i can be read out in the
non -zero elements directly from dA in column i. The index of the direct parent node idpar to
any node i (see òidpar_tree ó) is simply the i-th element of :

( )TNdAidpar ...21³=

0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 1 0 0 0 0 0

0 1 0 0 0 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 1 0 0
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Correspondingly, the vector of topological path lengths PL (see òPL_treeó) from all nodes to the
root of the directed graph can be obtained as follows :

where dA1 is the first column of dA .

A similar approach can be used to obtain the vector of branch order values for all elements
compared to the root of the graph in position 1. A supporting adjacency matrix sdA is required,
which is weighted by the number of child nodes of each node :

By multiplying this matrix, branch points get potentiated, and the branch order BO (function
òBO_treeó)can be extracted by taking the base 2 logarithm :

Where sdA1 is the first column of sdA.

Topological path length and branching order values 

can be obtained by such matrix multiplications

looking at trees using graph theory
Definitions    using graph theory (II)
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With the BCT form, the topology of a tree can be 

written as a simple string

1 2 3 4 5 6 7 8

1 0 0 0 0 0 0 0 0

2 1 0 0 0 0 0 0 0

3 0 1 0 0 0 0 0 0

4 0 0 1 0 0 0 0 0

5 0 0 1 0 0 0 0 0

6 0 1 0 0 0 0 0 0

7 0 0 0 0 0 1 0 0

8 0 0 0 0 0 1 0 0

looking at trees using graph theory

1 2 2 0 0 2 0 0

C B B T T B T T

BCT formalism

Definitions    BCT formalism

None of the common formats for dendritic trees
represent one and the same tree in a unique way . This
becomes very clear for the graph representation
where all permutations of labels (indices) result
in the same tree :

Again, the same is true for the .swc format . A more
constrained representation is given by the BCT
formalism (which was developed as far as we know by
Rocky Nevin and implemented in the compartmental
modelling software NeMoSys, Eeckman FH,
Theunissen FE and Miller JP, 1994 , Nemosys: a system
for realistic single neuron modeling . In Neural
Network Simulation Environments, ed. Skrzypek J, pp.
114 -135 . Boston, Dordrecht, London : Kluwer Academic
Publishers ). There, the node labels are sorted
hierarchically so that the nodes of a sub -tree remain
in sequence and within each sub -tree parent nodes
always precede their respective daughter nodes . This
was done in our example : the resulting BCT string can
then be read out by summing over the columns of dA .

() ),(, jjdAiidA ­

Nodes where this sum is 0 (no daughter nodes) are termed òTófor terminal . Nodes where the
sum is 1 are termed òCófor continuation . Nodes where the sum is 2 are termed òBófor branch .
The resulting string reads òCBBTTBTTó:

òDefinea root and start a branch . Continue to next node (C). Open new branch (B1). Open new
branch (B2). Terminate last branch which is still open (T2). Terminate previous branch (T1). Open
new branch (B3). Terminate last opened branch (T3). Terminate full tree (T0).ó

The adjacency matrix is fully described by the BCT string and additionally the labelling of the
nodes is now more restricted . But at each branch point permuting the sub -trees would still
result in the exact same underlying tree .

A simple way to arrange the node labels to conform to BCT is to insert each node one by one
directly behind its parent node and to re-label the nodes after the whole process (see
òsort_tree ófunction of the TREEStoolbox) .

An important note here : If the nodes are pre -sorted beforehand (for example lexicographically
or by level order and topological path length, see section òsortinga treeó) a perfectly unique
representation of the topology can be obtained . Note also: In BCT form, all entries in dA are
strictly below the diagonal .

ji­



In order to find the directed adjacency matrix from a BCT string (see òBCT_treeó) by
maintaining the order of elements (metrics can then be directly transferred) the following
algorithmic procedure can be applied :

% basic algorithm :
Set dA to square matrix of zeros
Use a stack
For i = 1: N

if index exists then dA( i,index ) = 1
index = i
If BCT(i ) == ô0|Tõthen index = POP stack
If BCT(i ) == ô2|Bõthen PUSH i to stack

End

If an adjacency matrix represents a correct BCT order, a pointer starting with one at the root
diminishing by one for each terminal and increasing by one for each branching point should
become zero exactly at the end of the string (position N, number of nodes) . This can be
represented by the cumulative sum Cx:

Note that one rough way to obtain all possible BCT strings with N nodes is by setting all
numbers from 0 to 3N-1 into base 3 and verifying whether they are BCT.

í
ì
ë =
=

elsefalse

Conlyiftrue
isBCT

N 0
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The BCT form can be obtained by a simple 

algorithm

looking at trees using graph theory
Definitions    BCT formalism (II)
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Even in BCT order the representation of a treeõs connectivity matrix is 

not unique. Sorting the labels is a solution 

Definitions    sorted and equivalent tree

)()( jXiX ­ )()( jYiY ­ )()( jZiZ ­ )()( jDiD ­

hierarchical sorting

BCT order
topological sorting

The labeling of the nodes of a tree should be unique if one wants to for example
compare the graphs of two trees topologically or electrotonically . In principle,
the labels on the nodes describing a graph can be attributed arbitrarily . As
mentioned before, all permutations of labels (indices) result in the same
tree by rearranging the adjacency matrix and any metric elements attributed to
the nodes :

In a hierarchical sorting , node label values always increase towards daughter
nodes . This can constrain the otherwise arbitrary labelling . As discussed before,
labelling can be constrained further in the BCT order (see introduction part
òBCTformalismó). Within any sub -tree, the labelling is then continuous . A truly
unique labelling arises in a topological sorting when labels additionally carry a
weight according to some topological values such as the topological depth or the
number of child nodes . At each branch point for example, the heavier sub -trees
can then be labelled first . Rearranging the metrics of a tree based on its
topologically sorted label order leads to a unique electrotonic equivalent tree .

In order to arrive to such a labelling, nodes are first sorted according to their
topological depth . Each node is then inserted in that order into a one
dimensional string one by one directly behind its direct parent node .
Subsequently, the resulting string of labels is mapped back onto the nodes of
the tree .

equivalent tree

() ),(, jjdAiidA ­

ji­

equivalent tree
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Variants of the BCT string can be used as a 

òtopological geneó description of a tree

looking at trees using graph theory
Definitions    the òtopological geneó

21 B 29 B 21 T 10 B8 T 17 B 9 T 11 T 9 T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Once the labels of a tree are topologically sorted
(see òsort_tree ó), a unique representation of the
topology is given by the topological ògeneó(see
ògene_treeó):

green segments are branches ending with a branch point, black segments are branches
ending with a termination point ; the order is determined by the topological sorting described
on the previous page. Numbers on the ògeneóbranches (and also their actual length)
correspond to the path length along each branch . In this case the node labels are displayed
under the ògeneófor descriptive purposes . Apart from the diameter mapping, the equivalent
tree can be reconstructed solely from this one-dimensional string .

Because of the continuous labelling sub -trees of the original
tree are continuous bits within the topological ògeneó(see
red contours) .
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Morphing a tree is the process of mapping new metric length values 

on an existing tree, while preserving its topology and local angles

Definitions    tree morphing

Segev and colleagues derived a new representation of neuronal trees depending on electrotonic
measures . The method used for this representation was called the òMorphoelectrotonic
Transformó(Zador et al. 1995 , J Neurosci 15(3):1669 -82).

In fact, the method used in that case is very generalizable . Any Nx1 vector of length values may
be mapped on a tree with N nodes . This is done by scaling the length value li of all segments to
the new segment lengths while conserving the direction of the segment indicated by the
direction vector (arrow below) . At each step the entire sub -tree needs to be translated
accordingly .

Only in the case of 0-length segments, a direction needs to be picked arbitrarily . A TREES
toolbox function (see òmorph_tree ó) performs this type of morphing operation which can have
various applications of which the morpho -electrotonic transform is just one .

On the path sum (see òPvec_treeó), child sum (see òchild_tree ó), parent daughter ratio (see
òratio_tree ó), segment binning (see òbin_tree ó) are further examples of such òmeta-functionsó
which apply an Nx1 vector on a tree structure to result in a wide variety of applications .



ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

=

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

³

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

+-

-++-

-+

3

2

1

3

2

1

232

22121

111

0

0

I

I

I

V

V

V

ggg

ggggg

ggg

imi

iiim

iim

the TREES toolbox - on the nature of neuronal branching 13

Definitions    Electrotonic signature

Using linear algebra in combination with Kirchhoffõs laws of current conservation, the 

adjacency matrix can be used directly to obtain a full signature of passive steady -state 

current propagation in a tree

M = G
m

D
S

+ G
a

{ diag [ sum ( AD
l
+ D

l
A

T
) ] - ( AD

l
+ D

l
A

T
) }

M

Combining Kirchhoffõsjunction law for electrical circuits with simple linear algebra, a matrix
can be derived which describes the equivalent circuit of a tree . If we cut the circuit at node 3
in the above example the following matrix appears :

Gm, Ga: spec. membrane and axial conductances
Ds, Dl: diag . matrices with compartment surfaces and

inverse volumes
A: adjacency matrix

Dividing a vector or matrix of input currents I by the conductance matrix M results in
potential vectors V (or matrix respectively) according to Ohmõslaw .
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adjacency matrix electrotonic signature
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Definitions    Electrotonic signature (II)

The electrotonic signature describes the 

compartmentalization of the neuronal tree

Simply taking the inverse of the conductance matrix M (see previous page) results in the steady
state electrotonic signature of the tree :

VSSE = M -1

This electrotonic signature (see òsse_treeó) describes well the electrotonic compartment -
alization of a neuronal tree . In this case the matrix of input currents I is simply the identity
matrix . Currents of 1 (nA) are therefore injected one at a time in each node in subsequent
columns or rows . The symmetrical square matrix VSSE contains in each column or row the
potential distribution in all nodes following the current injection in the corresponding node
(i.e. the current transfer) . The diagonal therefore contains the local input resistances since
there the potential change is measured in each node resulting from current injection into the
same node . Red squares correspond to sub -trees with increased electrotonic inter -connectivity .
The electrotonic signature therefore follows closely on the adjacency matrix (as can be seen
from the relationship between M and dA ).
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Definitions    resampling a tree

By redistributing nodes on a tree structure such that segments are constant length, 

node locations become unique (not arbitrary) and trees can be simplified.

CCBCBBCCBCBBBCTCTCTBCTTTCCTCCTCCCTCBCBB

BBBCTCTCTTCTCCTCCTBCCCTCTCBCTTCCBBBCCBB

CTCTCCTTCCCTT

The direct comparison of two trees along strict criteria requires (apart from a unique label
distribution) a unique distribution of node locations on the graph . The process of manual
reconstruction attributes node locations in an arbitrary manner . However, nodes can be
redistributed on the same tree structure assigning homogeneous inter -nodal distances, a
process we term resampling (see òresample_tree ó). Resampling compromises either the total
length (see loss resampling ) or the shape of the neuronal tree (see length conservation )
when undersampling . This is because a tortuous path is simplified by a straight line (always
shorter) . If the length is conserved then the shape of the neuronal tree is altered (the tree
spannning field becomes larger, see length conservation ). A zig -zag implementation of
resampling would best remediate this but would also alter the original shape of the tree (and
was not implemented) .
The resulting electrotonic signature or BCT string will then be entirely independent of the
reconstruction procedure . Furthermore, simplified tree structures, which preserve the
electrotonic compartmentalization, can be obtained . Computing current flow in a
corresponding model will be much faster since the number of nodes is decreased drastically
(from 297 to 39 in the example on the far right) .

loss resampling length conservation zig -zag resampling

(not implemented yet)

manual node 

distribution

length conservation

20 mm

loss resampling

10 mm

loss resampling

20 mm

BCT string
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Definitions    MST rule

A greedy algorithm can be implemented which optimizes locally total wiring and path 

length to the root inspired by Cajalõs laws of conservation of material and conduction 

time. This represents an extension to the minimum spanning tree (MST) algorithm.

The figure above exemplifies the general approach to obtain a locally optimized graph . In the
process, unconnected carrier points (red dots) connect one by one to the nodes of a tree
(black dots) . At each step, the unconnected carrier point, which is closest to the tree
according to some cost function, connects to the node in the tree to which it is closest . The
distance cost in this case is composed of two components inspired by Ramón y Cajalõslaws
of neuronal branching : 1. the wiring cost corresponding to the Euclidean distance to the node
in the tree (red dashed lines show three sample segment distances for carrier point P); 2. the
conduction time cost, corresponding to the path length from the root (large black node) to
the carrier point P. In the example here, even though P is closer to node 5 in Euclidean terms,
the additional cost of path length (adding distance between node 4 and node 5) might tip the
balance in favour of node 4. A balancing factor bf weighs these two cost functions against
each other (see òMST_treeó).
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density of carrier 

points

MST 

cost function 

balancing 

factor

bf

path length

total wiring

Definitions    MST rule (II)

One parameter, the balancing factor bf , 

determines the formants of potential trees

This approach produces realistic neuronal branching structures in all cases. The balancing
factor between the two costs determines the electrotonic compartmentalization of the
neuronal tree . At one extreme, one finds the pure minimum spanning tree, at the other, the
entirely compartmentalized stellate structure, which connects each carrier point directly to
the root .
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Definitions   quadratic diameter taper

Optimizing diameter values for an equal current transfer to the root (synaptic 

democracy) results in a quadratic taper. The latter can be mapped on a neuronal tree.

A quadratic diameter taper optimizes
current transfer in cables from any
point to the root (Cuntz, Borst and Segev
2007 , Theor Biol Med Model, 4:21, see
right figure) . For different cable lengths,
different parameter sets can be derived
to fit the quadratic equation with
distance x:

y = P1x2 + P2x + P3.

in black: original tree

in red: mapped quadratic diameter taper

Each single triplet P corresponds to the best fit to a segment of a specific cable length ldend. In
order to map a quadratic diameter to a full tree, each path from terminal to the root is
compared to its closest value in a predetermined set of ldend. Then the quadratic equation
parameters P are chosen according to ldend. This is done for all paths from root to terminal
points and for each node the diameter is set to the average of all local diameters of all paths
leading through that node (see òquaddiameter_tree ó). P and ldend depend on the total leak and
the minimal diameter : these have to be adjusted by the parameters scale and offset
respectively (see òquadfit_tree ó). The resulting tree diameter mapping compares well with the
original even though it is set merely by two parameters, the scale and offset values .

in black: optimized diameter

in red: quadratic fit
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Definitions   Nx1 vectors

Nx1 vectors are vectors which attribute a value to 

each node of the tree

B_tree Branch point 1, other 0 001001000101000õ

C_tree Continuation point 1, other 0 110110100010000õ

T_tree Termination point 1, other 0 000000011000111õ

typeN_tree C, 1: Continuation, B, 2: Branch,

T, 0: Termination

112112100212000õ

CCBCCBCTTBCBTTTõ

PL_tree topological path length to the root 012345676345664

BO_tree branch order 000111222122332

1 2 3 4 5 6 7 8 9 1

0

1

1

1

2

1

3

1

4

1

5

Here is a sample overview of the outputs of some TREEStoolbox functions whose form is an
Nx1 vector, attributing thereby one value to each node .
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Obtaining some statistics

Here are some example statistical measures of neuronal trees and 

the ways to obtain them using the TREES toolbox

GLOBAL PROPERTIES

width, height, depth and much more ..
spanning = gscale_tree ({tree})

total cable length
sum ( len_tree (tree))

total membrane surface
sum ( surf_tree (tree))

terminal density
M = gdens_tree (tree, sr , é

T_tree (tree))

number of branches
sum ( B_tree (tree))* 2+1

number of tips (related measure é)
sum ( T_tree (tree))

HULL/AREA PROPERTIES

surface
[a b c area] = vhull_tree (tree, é

[],[],[],[],' - 2dô); sum (area)

volume
[a b c volume] = vhull_tree (tree ) ;

sum (volume)

IN GENERAL

stats_tree and gscale_tree can be helpful

COMBINATIONS

Be creative é

BRANCH STATISTICS/DISTRIBUTIONS

diameter
tree . D

segment membrane surfaces
surf_tree (tree)

segment volumes
vol_tree (tree)

branch order
BO_tree (tree)

euclidian distance
eucl_tree (tree)

path distance
Pvec_tree (tree)

terminal diameters
tree . D ( T_tree (tree))

sholl analysis
sholl_tree (tree)

RATIOS

branch asymmetry
e.g. asym_tree (tree)

tapering
e.g. ratio_tree (tree, tree . D)

distance to root path/Euclidian
Pvec_tree (tree) / eucl_tree (tree)
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First steps    starting with TREES

Simply unzip the TREESpackage obtained from www .treestoolbox .org unto your computer and
change directory to its parent folder after opening Matlab . Set the path and create a global
empty cell array called ătreesòby typing ăstart_treesòin the command window .

By default, most functions append new trees to this cell array ătreesò. Try out :

>> load_tree

which opens a fileselect . You can find some sample trees in ă.\ sample \ mtr \ ò. We will start by
loading the tree called ăsample 2.mtr ò.

http://www.treestoolbox.org/
http://www.treestoolbox.org/
http://www.treestoolbox.org/
http://www.treestoolbox.org/
http://www.treestoolbox.org/
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First steps    exploration of a tree

The tree was appended to the cell array ătrees ò:

>> trees

trees =

[ 1x1 struct]

as a structure with the following organization :

>> trees{ 1}

ans =

dA: [ 15x15 double]

X: [ 15x1 double]

Y: [ 15x1 double]

Z: [ 15x1 double]

R: [ 15x1 double]

D: [ 15x1 double]

rnames : {' 1' 'dendrite'}

Ri : 100

Gm: 5. 0000 e- 004

Cm: 1

name: 'tree 1'

It contains the NxN adjacency matrix ădAòin sparse form which describes the edges between

the N nodes of the graph . A few Nx1 vectors attribute individual values to all nodes (e.g. ăXò,

ăYò,ăZòcoordinates ; ăRòregion index ; ăDòdiameter values) . A cell array of strings ărnames ò

attributes a name to each region . A few single values describe homogenously distributed

features, here the passive electrotonic parameters . A string ăname òattributes a name to the

given tree .

>> trees { 1} . dA

ans =

( 2, 1) 1

( 3, 2) 1

( 4, 3) 1

( 10, 3) 1

( 5, 4) 1

( 6, 5) 1

( 7, 6) 1

( 9, 6) 1

( 8, 7) 1

( 11, 10) 1

( 15, 10) 1

( 12, 11) 1

( 13, 12) 1

( 14, 12) 1

>> trees { 1} . D

ans =

4. 2506

3. 4969

2. 8540

2. 4839

2. 0405

1. 6907

1. 6019

1. 3737

1. 2672

2. 2141

1. 9202

1. 6343

1. 3279

1. 4731

1. 2903
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First steps    visual exploration

Many ways were implemented to
explore the tree visually, for example :

>> xplore_tree ; axis off ;

of course this is equivalent to
ăxplore_tree(1)òor ăxplore_tree
(trees{ 1})òorăxplore_tree([])ò.

But the most common function will be:

>> plot_tree ( 1, [ 1 0 0]) ;

which takes a color as a first argument,
here RGB: red .

This is all in 3D of course . This
becomes clearer when adding light
(turning on opengl) and adopting
another view :

>> shine ; axis off ; view

( 15, 55)
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In order to get more information about a function check out the reference (in the end of this
manual) or type òhelpfunction -nameó,for example here we might want to know what òBO_treeó
does:

>> help BO_tree

BO_TREE Branch order values in a tree .

(trees package)

BO = BO_tree ( intree , options)

------------------------------

returns the branch order of all nodes referring to the first node as the

root of the tree . This value starts at 0 and increases after every branch

point .

Input

-----

- intree :: integer : index of tree in trees or structured tree

- options :: string : {DEFAULT: ''}

' - s' : show

Output

------

BO:: Nx1 vector : vector of branching order values

Example

-------

BO_tree (sample 2_tree, ' - s')

See also PL_tree LO_tree

Uses ver_tree typeN_tree dA

First steps    code comments

Importantly, the color can also be an Nx1
vector which is then mapped to the color of the
tree :

>> plot_tree ( 1, BO_tree ( 1)) ;

>> colorbar
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The reference    contents

graphtheory

edit

metrics

graphical

construct

electrotonics

IO

scheme

stacks

sample

GUI

basic topological readout

edit topology of a tree

readout or change tree metrics

visual output and various hulls

generation of artificial trees

calculate current flow in a tree

export and import in various formats

non -TREES related dependencies

handling of image stacks

sample trees and image stacks

user interface for tree reconstruction

For more information on each function please type ăhelpfunctionnameòin the matlab command or
have a look at the code directly . Usually the code is very simple and commented .

press here to 

get to the 

function list
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The reference    contents (II)

graph theory

asym_tree

B_tree

bin_tree

BO_tree

C_tree

child_tree

dissect_tree

dist_tree

gene_tree

idpar_tree

ipar_tree

LO_tree

PL_tree

Pvec_tree

ratio_tree

redirect_tree

rindex_tree

sort_tree

sub_tree

T_tree

typeN_tree

edit

cat_tree

delete_tree

elim0_tree

elimt_tree

insert_tree

insertp_tree

recon_tree

repair_tree

resample_tree

root_tree

metrics

angleB_tree

cvol_tree

cyl_tree

dstats_tree

eucl_tree

flatten_tree

flip_tree

len_tree

morph_tree

rot_tree

scale_tree

sholl_tree

surf_tree

stats_tree

tran_tree

vol_tree

zcorr_tree

graphical

chull_tree

dA_tree

dendrogram_tree

gdens_tree

hull_tree

lego_tree

plot_tree

plotsect_tree

pointer_tree

spread_tree

vhull_tree

vtext_tree

xdend_tree

xplore_tree

construct

allBCTs_tree

BCT_tree

clean_tree

clone_tree

cplotter

cpoints

gscale_tree

in_c

isBCT_tree

jitter_tree

MST_tree

quaddiameter_tree

quadfit_tree

rpoints_tree

smooth_tree

smoothbranch

soma_tree

spines_tree

electrotonics

elen_tree

gi_tree

gm_tree

lambda_tree

loop_tree

M_tree

sse_tree

ssecat_tree

syn_tree

syncat_tree

IO

load_tree

neurolucida_tree

neuron_tree

pov_tree

save_tree

swc_tree

ver_tree

x3d_tree

neu_tree

scheme

deg2rad

eucdist

gauss

rad2deg

rotation_matrix

roundshow

scalebar

Shine

tprint

gifmaker

stacks

fitD_stack

imload_stack

load_stack

loaddir_stack

loadtifs_stack

save_stack

show_stack

skel_stack

samples

GUI
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The reference    general remarks

The suffix ă_treeòis usually appended to indicate that a function belongs directly to

the TREES toolbox . An input tree intree is generally the first argument which is

passed on (this proved to be more comfortable in most cases). This first argument

intree can be a tree structure or an index (single value) to the global cell array trees .

If the first input is omitted (or ă[]ò)the last entry in the trees array is used .

In general, omitting an input argument by typing in the empty vector ă[]òor by simply

sending out too few arguments to a function will result in replacing the input

arguments by default values . These default values are indicated precisely in the

headers of each function (simply typing ăhelpfunction_nameòwill retrieve the header)

and in the code . For most functions only a subset of the full tree definition is used

(e.g. only the diameter values, only the X and Y coordinates or only the topology) . In

those cases the functions will not complain if the tree is not complete but the

required fields are existent in the tree structure . Missing fields might even be

replaced : the ăplot_treeòfunction for example will attribute sensible fake metrics if

real ones are missing .

In most cases the last input argument to a TREESfunction is the options string . This

string contains concatenated flags starting with ă-ò. Examples of typical options are:

Ă-sô show the result, this is mostly for demo purposes

Ă-mô demonstration movie in very few cases

Ă-wô waitbar to indicate the progress of long -lasting calculations

Ă-eô echo changes made to the tree

Note that if options is left empty (Ăô)default options will be used rather than all flags

off . To be sure that all flags are off set options string to Ănoneô. Note also that when

demo flags are on, features of a tree as well as other TREEStoolbox functions might

be required which are not required when the flags are off .

Meta -functions are generalized functions whose input of an Nx1 vector can vary their

application greatly (see introductary explanation of morphing a tree for one such

example ).

Examples are not necessarily useful but try to also exemplify typically more

unintuitive applications . Output values and resulting plots are formatted and do not

always correspond to the correct output (e.g. rounded values) of the Matlab function .
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graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

graphtheory

functions relating to the tree as a graph

asym_tree

B_tree

bin_tree

BO_tree

C_tree

child_tree

dissect_tree

dist_tree

gene_tree

idpar_tree

ipar_tree

LO_tree

PL_tree

Pvec_tree

ratio_tree

redirect_tree

rindex_tree

sort_tree

sub_tree

T_tree

typeN_tree

branch point asymmetry

branch points

binning nodes

branch order values

continuation points of tree

add up child node values

groups nodes belonging to same branch

nodes at a path distance away from root

string describing tree topology

index to direct parent node

path to root: parent indices

level order values

topological path length

cumulative summation along paths

parent to daughter ratio

set root to new point and redirect graph

region specific indexation

relabel nodes after sorting

child nodes forming a subtree

termination points

number of daughters to each node (BCT)
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asym_tree    branch point asymmetry

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

asym = asym_tree ( intree , v, options)

At each branch point of tree intree , node values of

Nx1 vector v get summed up in each sub -tree to S
1

and S
2
. asym , an Nx1 vector, contains the ratio of S

1

/ (S
1

+ S
2
) for S

1
< S

2
at branch points (but NaN

otherwise) .

By default, number of terminal child nodes are

compared in both sub -trees at a branch point : v is a

vector of 1 when termination point and 0 else (see

ăT_treeò). For the example branch point on the right

(at node 3), S
1
=2 terminals are divided by S

1
+ S

2
=

2+3 terminals (= 0.4).

S
1

S
2

Example:

>> asym_tree (sample2_tree, T_tree (sample2_tree))ô

[NaN, NaN, 0.4, NaN, NaN, 0.5, NaN, NaN, NaN, 0.3333, NaN, 0.5, NaN, 

NaN, NaN]

See demo movie with option ô-mô
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B_tree    branch points

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

B = B_tree ( intree , options)

Returns for tree intree an Nx1 vector B which is

one if a given node is a branch point (more than

1 daughter node) and zero else.

Example:

>> B = B_tree (sample2_tree)õ

[0, 0, 1, 0, 0, 1, 0, 0, 0, 1, 0, 1, 0, 0, 0]

>> sum (B)

4

>> find (B)

[3, 6, 10, 12]

number of branch points

indices of branch points

branch

point (B)
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bin_tree    binning nodes

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

[bi, bins, bh] = bin_tree ( intree , v, bins, options)

Subdivides nodes of tree intree into bins bins (number,

by default 10 , or exact binning values) according to

Nx1 vector v . By default, v is the euclidean distance to

the root (see òeucl_tree ó).

bi outputs an Nx1 vector with affiliation of each node

to used bins bins . bh counts up the number of

occurrences in each bin .

Examples :

>> [bi bins bh] = bin_tree ( sample_tree , [], 4)

>> bar ( bh)

plotting a histogram results in a 

rudimentary sholl analysis plot
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BO_tree    branch order values

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

BO = BO_tree ( intree , options)

Returns an Nx1 vector BO attributing a branch

order value to each node of tree intree . The

branch order starts at 0 at the root of the tree and

increases after every branch point .

Examples:

>> BO = BO_tree (sample2_tree)õ

[0, 0, 0, 1, 1, 1, 2, 2, 2, 1, 2, 2, 3, 3, 2]

>> max (BO)

3

>> BO2 = BO_tree ( sample_tree );

>> hist (BO2);

Maximum branch order

Plot a histogram of branch orders 

for all nodes
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C_tree    continuation points

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

C = C_tree (intree, options)

Returns for tree intree an Nx1 vector C which is

one if a given node is a continuation point

(exactly 1 daughter node) and zero else.

Example:

>> C = C_tree (sample2_tree)õ

[1, 1, 0, 1, 1, 0, 1, 0, 0, 0, 1, 0, 0, 0, 0]

>> sum (C)

6

>> find (C)

[1, 2, 4, 5, 7, 11]

number of continuation points

indices of continuation points

continuation

point (C)
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child_tree add up child node values

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

child = child_tree ( intree , v, options)

Returns for tree intree an Nx1 vector child with

accumulated values of Nx1 vector v of all child

nodes excluding the node itself .

Examples:

>> child = child_tree (sample2_tree)õ

[14, 13, 12, 5, 4, 3, 1, 0, 0, 5, 3, 2, 0, 0, 0]

or just the number of termination child nodes:

>> Tchild = child_tree (sample2_tree, T_tree (sample2_tree))õ

[5, 5, 5, 2, 2, 2, 1, 0, 0, 3, 2, 2, 0, 0, 0]

By default v is a vector of all ones : child then

simply counts up the number of child nodes .
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dissect_tree    group nodes to branches

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

[sect vec ] = dissect_tree ( intree , options)

Groups segments of tree intree together when

they belong to the same branch . Can be used as

sections in NEURON-like compartmental

modelling (see òneuron_tree ó). Branches are

delimited by either branching or termination

points or region -defined borders .

Output matrix sect of size nx2 where n is the

number of branches contains starting and end

nodes of each branch . Nx2 matrix vec attributes

a branch to each node and a fractional path

length along this branch .

(Note that in the example below, nodes 14 and

15 form a separate region called ò1ó,which

reflects in the NEURON code below .)

Example:

>> [sect vec ] = dissect_tree (sample2_tree);

>> sectõ

1  3  6  6  3   10  12  12  10

3  6  8  9  10  12  13  14  15

>> vec õ

1  1   1  2    2   2  3    3  4  5  6    6  7  8  9

0  .5  1  .35  .7  1  .47  1  1  1  .58  1  1  1  1

starting nodes

ending nodes

segment index

fractional path 

length

corresponding NEURON connectivity:

connect tree_dendrite [1](0), tree_dendrite [0](1)

connect tree_dendrite [2](0), tree_dendrite [1](1)

connect tree_dendrite [3](0), tree_dendrite [1](1)

connect tree_dendrite [4](0), tree_dendrite [0](1)

connect tree_dendrite [5](0), tree_dendrite [4](1)

connect tree_dendrite [6](0), tree_dendrite [5](1)

connect tree_1[0](0), tree_dendrite [5](1)

connect tree_1[1](0), tree_dendrite [4](1)
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dist_tree nodes at distance from root

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

dist = dist_tree ( intree , l, options)

Returns a binary Nx1 vector dist indicating the

nodes of tree intree , whose segments cross

path distance l from the root . If l is a vector of

length n, dist becomes an Nxn matrix .

Example:

>> dist_tree (sample2_tree, [40 60])õ

[0  0  0  0  1  0  0  0  0  0  1  0  0  0  1

0  0  0  0  0  0  0  1  0  0  0  0  0  0  0]

nodes crossing 40 mm

nodes crossing 60 mm
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gene_tree    òtopological geneó

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

genes = gene_tree ( intrees , options)

Examples:

>> gene = gene_tree({{sample2_tree}}); gene{1}ô

[21 29 21 8 10 17 9 11 9;

2  2  0 0  2  2 0  0 0]

>> dLPTCs = load_tree (ôdLPTCs.mtrõ);

>> genes = gene_tree ( dLPTCs, ô- sõ);

load groups of tangential cell 

reconstructions

21 B 29 B 21 T 10 B8 T 17 B 9 T 11 T 9 T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Returns for a cell array of cell arrays of trees

intrees , a cell array of cell arrays of topological

genes genes (for each tree one) . The two -depth of

the input/output arrays allows the comparison

between different groups of neuronal trees . The

topological gene (see introduction section

òtopologicalgeneó) returns for a sorted labelling of

a tree (see "sort_tree ") for all branches (delimited by

topological points) the metric length and the

ending point type (termination or branch) .

HSE cells

HSN cells

VS2 cells

VS3 cells

VS4 cells

branch length values in mm

branch ending topological point descriptor 

(0: terminal, 2: branch)

(this might take some time, 1 min)
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idpar_tree index to direct parent node

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

idpar = idpar_tree ( intree , options)

Returns for tree intree an Nx1 vector idpar

containing the direct parent indices for each

node . Parent node of root is ò1óby default . Use

ô-0õoption to set root parent to ò0ó.

Example:

>> idpar_tree (sample2_tree)õ

[1, 1, 2, 3, 4, 5, 6, 7, 6, 3, 10, 11, 12, 12, 10]

in black: node index

in red: parent index
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ipar_tree path to root: parent indices

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

ipar = ipar_tree ( intree , options)

Returns for tree intree a matrix ipar of indices to the parent of individual nodes

following the path against the direction of the adjacency matrix towards the root of

the tree . This function is crucial to many other functions based on graph theory in

the TREESpackage .

Examples:

>> ipar_tree (sample2_tree)

1   0   0   0   0   0   0   0   0

2   1   0   0   0   0   0   0   0

3   2   1   0   0   0   0   0   0

4   3   2   1   0   0   0   0   0

5   4   3   2   1   0   0   0   0

6   5   4   3   2   1   0   0   0

7   6   5   4   3   2   1   0   0

8   7   6   5   4   3   2   1   0

9   6   5   4   3   2   1   0   0

10   3   2   1   0   0   0   0   0

11  10   3   2   1   0   0   0   0

12  11  10   3   2   1   0   0   0

13  12  11  10   3   2   1   0   0

14  12  11  10   3   2   1   0   0

15  10   3   2   1   0   0   0   0

>> ipar_tree ( sample_tree , ô- sõ)

path of root

path of node #2, etc...
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LO_tree level order values

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

LO = LO_tree ( intree , options)

Returns for tree intree the Nx1 vector LO with

summed topological path distance (see

òPL_treeó) of all child branches to the root . We

call the function level order and it is useful to

classify rooted trees into isomorphic classes, i.e

to sort the node labels (see introduction section

òsortedand equivalent treeó).

Example:

>> LO_tree (sample2_tree)õ

[62  62  61  31  28  24  13   7   6  28  21  17   6   6  4]
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PL_tree topological path length

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

PL = PL_tree ( intree , options)

Returns for tree intree an Nx1 vector PL with

topological path length to the root for all nodes .

Example:

>> PL_tree (sample2_tree)õ

[0  1  2  3  4  5  6  7  6  3  4  5  6  6  4]
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Pvec_tree cumulative summation along paths

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

Pvec = Pvec_tree ( intree , v, options)

Returns for tree intree an Nx1 vector Pvec which

accumulates values of Nx1 vector v along the

path from each node to the root .

Examples :

>> Pvec_tree (sample 2_tree)õ

[ 0 10. 4 20. 6 30. 5 40. 5 49. 3 58. 9 69. 8 57. 6 30. 8

41 48. 2 57. 5 59. 2 40. 1]

when v contains just ones the output is 1+PL the topological path length :

>> Pvec_tree (sample 2_tree, ones (N, 1))õ

[ 1 2 3 4 5 6 7 8 7 4 5 6 7 7 5]

when v contains the branch points the output is an alternative

formulation of the branch order which increases at the branch point

itself :

>> Pvec_tree (sample 2_tree, B_tree (sample 2_tree))õ

[ 0 0 1 1 1 2 2 2 2 2 2 3 3 3 2]

By default, ăPvec_treeòsums up the length

values of the segments in the tree : v is then len

the vector of segment lengths (see ălen_treeò).

Pvec then corresponds to the metric path length

to the root [in mm] .
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ratio_tree parent to daughter ratio

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

ratio = ratio_tree ( intree , v, options)

Returns for tree intree an Nx1 vector ratio

which takes the ratios of values of Nx1 vector v

at the node itself and its direct parent idpar .

Example :

>> ratio_tree (sample 2_tree)õ

[ 1 0. 82 0. 82 0. 87 0. 82 0. 83 0. 95 0. 86 0. 75 0. 78

0. 87 0. 85 0. 81 0. 9 0. 58]

By default, ăratio_treeòcompares diameter

values : v is then just D. However, any other

values can be chosen here . ratio is just

v / v(idpar ).
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redirect_tree set root to new node

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

[tree, order] = redirect_tree ( intree , istart , options)

Sets the root to a different node . This changes

in tree intree the direction of the adjacency

matrix so that arrows show away from node

istart (which becomes the first element) .

Example:

>> redirect_tree (sample2_tree, 5, ô- sõ);

in black: old node index

in red: new node index, after redirect
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rindex_tree region specific indexation

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

rindex = rindex_tree ( intree , options)

Returns for tree intree an Nx1 vector rindex

attributing to each node a region specific index

increasing for each region individually in order

of appearance within that region .

Example:

>> rindex = rindex_tree (sample2_tree)õ

[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 1, 2]

red:  region ădendriteò

blue: region ă1ò
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sort_tree relabel nodes to BCT order

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

[tree, order] = sort_tree ( intree , options)

Sorts the labels (indices) of nodes of tree intree

to conform to BCT, an order in which elements

are arranged according to their hierarchy

keeping the sub -tree structure intact (see

introduction section òsortedand equivalent

treesó). Many isomorphic BCT order structures

exist, this one is created by switching the

location of each node one at a time to the right

neighbour position of their parent node . For a

unique sorting use '-LO' or ô-LEX' options .

'-LO' orders the indices using path length and

level order . This results in a relatively unique

equivalence relation .

'-LEXôorders the BCT elements lexicographically .

This makes less sense but results in a purely

unique equivalence relation .

"sort_tree " affects all vectors of form Nx1

attributed to the tree accordingly ..

Example:

after redirecting the tree from a different root ( see 

òredirect_tree ó) the nodes are scrambled. Try out:

>> rtree = redirect_tree (sample2_tree, 5);

>> sort_tree ( rtree , ô- sõ);

hierarchical sorting

BCT order after 

sorting with 

òsort_treeó

topological sorting

òsort_treeó with option 

ò-LOó

in black: old node index

in red: new node index, after sorting
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sub_tree child nodes forming sub -tree

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

[sub subtree ] = sub_tree ( intree , inode , options)

Returns for tree intree , an Nx1 vector sub ,

where the elements corresponding to a sub -tree

defined by its starting node inode are ò1ó,and

all other elements are ò0ó. An optional output

subtree is a structure containing the tree

structure corresponding to the sub -tree .

Example:

>> [sub subtree ] = sub_tree (sample2_tree, 5)

[0, 0, 0, 0, 1, 1, 1, 1, 1, 0, 0, 0, 0, 0, 0]õ

>> sum (sub)

5

>> find (sub)

[5, 6, 7, 8, 9]

>> subtree

dA: [5x5 double]

X: [5x1 double]

Y: [5x1 double]

etc..

>> resttree = delete_tree (sample2_tree, find(sub))

dA: [10x10 double]

X: [10x1 double]

Y: [10x1 double]

etc..

number of child nodes  of node #5

indices of nodes in the sub -tree

tree structure corresponding to sub -tree

original tree structure without the sub -tree
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T_tree    termination points

graphtheory    edit    metrics    graphical   construct    electrotonics    IO 

T = T_tree (intree, options)

Returns for tree intree an Nx1 vector T which is

one if a given node is a termination point

(exactly 0 daughter nodes) and zero else.

Example:

>> T = T_tree (sample2_tree)õ

[0, 0, 0, 0, 0, 0, 0, 1, 1, 0, 0, 0, 1, 1, 1]

>> sum (T)

5

>> find (T)

[8, 9, 13, 14, 15]

number of termination points

indices of termination points

termation

point (T)
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typeN_tree number of daughters (BCT)
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typeN = typeN_tree ( intree , options)

Returns for tree intree an Nx1 vector typeN

which attributes to each node either 0:

termination, 1: continuation, 2: branch point . If

the tree is sorted (see òsort_tree ó), this is the

BCT string description of the topology of the

tree (see introduction section òBCTformalismó).

This function simply takes the vertical sum over

the adjacency matrix with 2 as an upper bound .

Examples:

>> typeN = typeN_tree (sample2_tree)õ

[1, 1, 2, 1, 1, 2, 1, 0, 0, 2, 1, 2, 0, 0, 0]

>> typeN = typeN_tree (sample2_tree, ô- bct õ)õ

CCBCCBCTTBCBTTT BCT string
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graphtheory edit metrics    graphical   construct    electrotonics    IO 

edit

functions to edit the topology of a tree

cat_tree

delete_tree

elim0_tree

elimt_tree

insert_tree

insertp_tree

recon_tree

repair_tree

resample_tree

root_tree

concatenates two trees

delete a set of nodes

eliminates zero -length segments

replace multifurcations with bifurcations

insert a number of points into a tree

insert nodes along a path in a tree

reconnect sub -trees to new parent nodes

restore full BCT conformity

redistributes nodes on tree

add tiny segment at tree root
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cat_tree concatenates two trees
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tree = cat_tree (intree1, intree2, inode1, inode2, options)

Concatenates two trees intree 2 onto intree 1 at respective nodes inode 2 and

inode 1 within the branching structure . Sorts the indices topologically (see

"sort_tree " with option '-LO'). Fields are preferably taken from intree 1 , all vectors

(X, Y, Z, D etc ... ) must exist in both trees if they exist in one tree and are

concatenated as well . Region fields R and rnames are updated .

By default, intree 2 is connected at its root to the closest node of intree 1 .

Examples:

Move the sample tree (see ătran_treeò) and concatenate it with itself

>> ttree = tran_tree (sample2_tree, [55 25 0]);

>> cattree = cat_tree (sample2_tree, ttree );
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delete_tree deletes a set of nodes
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tree = delete_tree ( intree , inodes , options)

Deletes in tree intree a set of nodes defined by index inodes . Trifurcation occurs

when deleting any branch points following directly other branch points . Region

numbers are changed and region name array is trimmed .

Example:

>> delete_tree (sample2_tree, [5 10 12 13]);
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elim0_tree    eliminates 0 -length segments
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Deletes 0-length segments (except first segment of course) in tree intree . Updates

regions .

Example:

After setting coordinates of node 5 to those of node 4, eliminate resulting 0 -length 

segment.

>> tree = sample2_tree;

>> tree.X (5) = tree.X (4); tree.Y (5) = tree.Y (4); tree.Z (5) = tree.Z (4);

>> elim0_tree (tree)

zero length

segment

tree = elim0_tree ( intree , options)




















































































































































































































































