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Foreword

More than a century ago, Ramon 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, Hausser 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.Thecont r i bnameor 6 s
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 olastnameofcontributor_tree 6 to acknowledge the a ut h ccon@ilsution . We hope that

this will provide a further incentive for making contributions to the toolbox .

Hermann Cuntz, Friedrich  Forstner , Alexander Borst, Michael H&ausser

This work was supported by the Gatsby Charitable Foundation, the Wellcome Trust, the

Alexander von Humboldt Foundation, and the Max -Planck Society.
This document i s supplementary materi alOndrul@t oco
to grow them all: A gener al theory of neuronal

published in  PLoS Computational Biology. The software package and updated materials
are available at www.treestoolbox.org.
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As a graph, a tree is represented by a set of labelled nodes connected by edges. Since most
statistics describing an e u r obmadcking 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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Definitions adjacency matrix

The directed adjacency matrix describes how
nodes are directionally connected to a graph

0 N o o B~ W N P
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adjacency matrix  dA

When neuronal trees are regarded as graphs, their branching structure can be well described with
the corresponding directed adjacency matrix dA (see 0dA_tree ¢), 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.

In order to derive most dendritic branching statistics using the typical descriptions, an algorithmic
formulation by recursion is required to 0 wa l through 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 asin dA"
the (i, j)-entry represents the number of distinct r-walks from node ito node j in the graph .
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Using simple multiplications of the adjacency
matrix allows oneto owal ké through a tree

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 oidpar_tree ¢) is simply the i-th element of:

[l Neoll Noll Noll HNoll Nol b o K=
oO|lOoO|lr,r|O|lO |, |O|O
o|jlo|lOo|r,r |, |]O|O|O
[l Noll Noll Noll Noll Noll Noll Ne)
OJ]OoO|j|OoO|O|O|]O|O | O
PR |lPrP|O|J]OC|J]O|O|O|O
[l Noll Noll Noll Holl Noll No il Ne)
OJ]OoO|j|OoO|O|O|]O|O | O
O |IN|j]O|O A~ ]|]W|IN]|RF

idpar=dA3 (1 2 .. N)

Further order r parents are simply obtained by applying repeated matrix multiplication (see
oipar_tree 0):

ipar' =dA3(1 2 ... N)

Where r = 0 corresponds to the node itself, r = 1 the parent, r = 2 the grand -parent etcé
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Topological path length and branching order values

can be obtained by such matrix multiplications

dA

dA,

dA x dA;= dA2 x dA;=

oO|OoO|r,r|O|O |, |O|O
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Rrlr|lo|lr|r|lo|lo]|o

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

PEz g r ATz da)
r=1

where dA; 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:

sdA= dAddiag(sun(dA)))

By multiplying this matrix, branch points get potentiated, and the branch order BO (function
0BO_treed fan be extracted by taking the base 2 logarithm :

N
BO=log, 3 (sdAr'l) 3 sdAl\)

r=1

Where sdA; is the first column of sdA.
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Definitions BCT formalism

With the BCT form, the topology of a tree can be
written as a simple string

0o N o o b~ W N PP

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) i- ] result
in the same tree:

dA(,i)- dA(j, )

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,

oO|lo|jlo|o|Oo|Oo |, |O]PF
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P lP|O|JlOC|]O|O|OC|O O
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Theunissen FE and Miller JP, 1994, Nemosys: a system
112]2)0]0[2[0fO0 for realistic single neuron modeling. In Neural

clelelT!lTIBlITIT Network Simulation Environments, ed. Skrzypek J, pp.

114 -135. Boston, Dordrecht, London : Kluwer Academic

BCT formalism 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.

Nodes where this sum is 0 (no daughter nodes) are termed O T for terminal . Nodes where the
sum is 1 are termed 0 Cfor continuation . Nodes where the sum is 2 are termed 0 Bfor branch .
The resulting string reads 0 CBBTTBTT6

0 De f a m& and start a branch . Continue to next node (C). Open new branch (B;). Open new
branch (B,). Terminate last branch which is still open (T,). Terminate previous branch (T;). Open
new branch (B;). Terminate last opened branch (Tj). Terminate full tree (T,).0

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
osort_tree 6 function 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 0 s o r tait m @ a perfectly unique
representation of the topology can be obtained . Note also: In BCT form, all entries in dA are
strictly below the diagonal .

the TREES toolbox - on the nature of neuronal branching



The BCT form can be obtained by a simple
algorithm

In order to find the directed adjacency matrix from a BCT string (see OBCT_treed) 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(ijindex ) =1
index =i
If BCT(i) == 60| T &hen index = POP stack
If BCT(i) == 62| B&hen PUSHi 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 C.:

TofNs A c=1+3 (-1
j=1
gtrue if only C, =0
SBCT =} o
i false else

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.

the TREES toolbox - on the nature of neuronal branching
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Definitions sorted and equivalent tree

Even in BCT order the representation of a trec¢
not unique. Sorting the labels is a solution

BCT order

topological sorting
hierarchical sorting

The labeling of the nodes of atree 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) 1- ] result in the same
tree by rearranging the adjacency matrix and any metric elements attributed to
the nodes:

dA(i,i)- dAG, )

X@- X))  Y®- v - z@- z) b)- D)

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
0 BCfTor mal)iWthmd 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.

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

7
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Variants of the BCT string can be used as a
Ot opol ogioc adle sgceniepti on of a tree

Once the labels of a tree are topologically sorted
(see _oOsort_tree ¢), a unique representation of the
topology is given by the topological 0 g e n(seé

0gene )treebd

2] 208! EEFISE Bl oBl [a7el KRl PRl EEl
1 2 3 4 5 6 7 9 14 15

8 10 11 12 13

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 0 g e nleanches (and also their actual length)
correspond to the path length along each branch . In this case the node labels are displayed
under the 0 g e nfar 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

red contours) .

tree are continuous bits within the topological 0 g e n(seé

III-IIIIIIIIIIII-I--IIII-II-III-I-I
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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

Segev and colleagues derived a new representation of neuronal trees depending on electrotonic
measures. The method used for this representation was called the OMorphoelectrotonic
Tr ansf @adoncet 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 atree with N nodes. This is done by scaling the length value I; 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 O-length segments, a direction needs to be picked arbitrarily . A TREES
toolbox function (see omorph_tree Q) 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 OPvec_treed), child sum (see ochild_tree @), parent daughter ratio (see

oratio_tree @), segment binning (see obin_tree ¢) are further examples of such O mef ancti onsao

which apply an Nx1 vector on a tree structure to result in a wide variety of applications .

the TREES toolbox - on the nature of neuronal branching 12




Using |inear algebra in combination with Ki
adjacency matrix can be used directly to obtain a full signature of passive steady -state
current propagation in a tree

8il (Vl -V, )+gm1(V1 —0)=O gil(Vl -V, )+gm1(V1 —O)=O
i (V2 -V, )+ g (V2 -V )+ g2 (V2 _()): 0

Combining Ki r c h hjonttibnd $aw for electrical circuits with simple linear algebra, a matrix
can be derived which describes the equivalent circuit of atree. If we cut the circuit at node 3
in the above example the following matrix appears:

m*t91 O 0§ ang 48

2 "0 ImtOatOiz - G2 833/282223

? 0 - O gm3+gi22 ?39 (?39
M

G, Ga: spec. membrane and axial conductances

D, D;: diag . matrices with compartment surfaces and
inverse volumes

A: adjacency matrix

Dividing a vector or matrix of input currents | by the conductance matrix M results in
potential vectors V (or matrix respectively) according to O h m dasv.

the TREES toolbox - on the nature of neuronal branching 13




Definitions Electrotonic signature (ll)

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:

Vssg =M1

This electrotonic  signature (see osse_treed) describes well the electrotonic compartment -
alization of a neuronal tree. In this case the matrix of input currents | 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 Vgge 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).

adjacency matrix electrotonic signature
4 3275
‘ 500 |
5 1000 f =
. ’ 160
1500 |50
? 2000 140

j =

3275 * ‘
500 1000 1500 2000 2500 3000

200 mm s,

potential [mV]

r &l
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Definitions

By redistributing nodes on a tree structure such that segments are constant length,
node locations become unique (not arbitrary) and trees can be simplified.

loss resampling length conservation zZig -zag resampling

(not implemented yet)

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 oresample_tree §). 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 '
(from 297 to 39 in the example on the far right) .

BCT string

CCBCBBCCBCBBBCTCTCTBCTTTCCTCCTCCCTCB(
BBBCTCTCTTCTCCTCCTBCCCTCTCBCTTCCBBBC(
CCTTCCCTT

distribution

loss resampling
10 mm

loss resampling
20 mm
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A greedy algorithm can be implemented which optimizes locally total wiring and path
l ength to the root inspired by Cajalds | aws of
time. This represents an extension to the minimum spanning tree (MST) algorithm.

The figure above exemplifies the general approach to obtain alocally 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 Ramén y Caj aldws8 s

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 Pis 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 OMST _treed).

the TREES toolbox - on the nature of neuronal branching
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One parameter, the balancing factor bf,
determines the formants of potential trees

path length
*
MST
cost function
balancing
factor
bf
total wiring ) )
density of carrier
points

This approach produces realistic neuronal branching structures in all cases. The balancing

factor between the two costs determines the electrotonic compartmentalization

the root .

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 TREES toolbox - on the nature of neuronal branching
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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 in black: optimized diameter
current transfer in cables from any 1 . ) -

point to the root (Cuntz, Borst and Segev in red: quadratic fit

2007, Theor Biol Med Model, 4:21, see 08¢+

right figure) . For different cable lengths,

norm. diameter

different parameter sets can be derived 06
to fit the quadratic equation with 04l
distance x: 4
y = P;x2 + P,x + P;. 0.2}
0 " N
0 100 200 300

dendrite length [um]

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 lyeng. 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 lg,,q. Then the quadratic equation
parameters P are chosen according to ly.,q. 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 oquaddiameter_tree ¢). P and ly,q depend on the total leak and
the minimal diameter : these have to be adjusted by the parameters scale and offset
respectively (see oquadfit_tree ). The resulting tree diameter mapping compares well with the
original even though it is set merely by two parameters, the scale and offset values.

the TREES toolbox - on the nature of neuronal branching
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Nx1 vectors are vectors which attribute a value to
each node of the tree

B_tree | Branch point 1, other O
C_tree | Continuation point 1, other O
T_tree | Termination point 1, other O

typeN_tree C, 1: Continuation, B, 2: Branch,
T, 0: Termination

PL_tree | topological path length to the root

BO_tree | branch order

123456789111111
012345

0010010001012000
110110100010000
000000011000111

112112100212000
CCBCCBCTTBCBTTT

012345676345664
000111222122332

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.

the TREES toolbox - on the nature of neuronal branching
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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,
T tree

sr, é
(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, €
0.0.0.0. -2d 6;) sum (area)

volume
[a b ¢ volume] =
sum (volume)

vhull_tree (tree );

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

shall_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)

the TREES toolbox - on the nature of neuronal branching
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First steps

starting with TREES

-

4\ MATLAB 7.7.0 (R2008b) (=88] R |
File Edit View Graphics Debug Desktop Window Help
NE £mR9 o & 2| @ | C\hermann\projects\TREES TOOLBOX\TREES 2.0 N - [ﬂ [£3)
Shortcuts #l How to Add & What's New
Current Directory | Workspace ™ O » x| = Editor - Untitled Hoaex
el mf f=] % % | B - | Stack| Base NMEHE fRB20 @3- dea | kl-8 K ”:D ':ax
Name Value Min| BB | - |10 |+ | + 11 |x |4 @
[trees <0x0 cell> 1 -
Command Window “O0ea x
>> start_trees
fx >>
< | il »
4 Start

\

4

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 at r eby $yping a st ar t _in theecensmand window .

By default, most functions append new trees to this cell array a t r e €ng @ut:

(& Pick a file | =
>> |oad_tree
Look jn: | | mitr j Lo ck B
AT Name’ Date modified Type Size
= dLPTCs.mtr dtree.mtr
RecentPlaces
hsn.mtr hss.mtr
! mso.mtr purk.mtr
Desktop pyr.mtr sample.mtr
i sample2qntr
n N
Hermann Cuntz

Computer
a.
-

Network

File name: | ﬂ Open
Files of type: |TREES formats (TREES *.mtr or *.swe or *.neu) ﬂ Cancel

which opens a fileselect . You can find some sample trees in a\sample\mtr\o. We will start by
loading the tree called asample 2.mtr 0.

the TREES toolbox - on the nature of neuronal branching
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http://www.treestoolbox.org/
http://www.treestoolbox.org/
http://www.treestoolbox.org/
http://www.treestoolbox.org/
http://www.treestoolbox.org/

First steps exploration of a tree

The tree was appended to the cell array drees &
>> trees
trees =

[ 1x1 struct]

as a structure with the following organization :

>> trees{ 1} >> trees {1}.dA >> trees {1}.D
ans = ans = ans =
dA: [15x15 double] (2,1) 1 4. 2506
X: [15x1 double] (3,2) 1 3. 4969
Y: [15x1 double] (4,3) 1 2. 8540
Z: [15x1 double] (10, 3) 1 2. 4839
R [15x1 double] (5,4) 1 2. 0405
D: [15x1 double] (6,5) 1 1. 6907
mames: { 1' ‘dendrite’} (7,6) 1 1. 6019
Ri: 100 (9,6) 1 1. 3737
Gm 5. 0000 e- 004 (8,7) 1 1. 2672
Cm 1 (11, 10) 1 2.2141
name: ‘tree 1' (15, 10) 1 1. 9202
(12, 11) 1 1. 6343
(13,12) 1 1. 3279
(14,12) 1 1. 4731
1. 2903

It contains the NxN adjacency matrix adAodin 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. axo ,
ayo aZo coordinates ; aRo region index ; aD0 diameter values). A cell array of strings anames 0
attributes a name to each region. A few single values describe homogenously distributed
features, here the passive electrotonic parameters . A string aname 0 attributes a name to the
given tree.

r &l
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First steps

B Figure 1 =RACR X
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Many ways were implemented to
explore the tree visually, for example :
>> xplore_tree ;axis off ;

of course this is equivalent to
axplore () oweowre axpl ore_tree
(trees{1} ) caoxrp| or € [t]r) ede

& Figure 1

P

File Edit View Insert Tools Desktop Window Help
DEgde VB9 e«£- 808 | a0

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)

visual exploration

Figure 1
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»

But the most common function

>> plot_tree (1,

[100)];

will be:

which takes a color as a first argument,

here RGB: red.
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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

In order to get more information about a function check out the reference (in the end of this
manual) or type 0 h e fumction -n a mefor, example here we might want to know what 0BO_tree6
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

BQ: Nx1 vector : vector of branching order values

Example

BO tree (sample 2 _tree, '-5s)

See also PL_tree LO tree
Uses ver_tree typeN_tree dA
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graphtheory
edit

metrics

graphical

construct

electrotonics
1O

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 a hef pn ct i o nimtaemeallab 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

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
elimO_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

qgdens tree
hull tree

lego_tree

plot_tree
plotsect tree

pointer_tree
Spread_tree
vhull_tree
vtext_tree
xdend_tree
xplore_tree

contents (Il

construct
allIBCTs tree
BCT tree
clean_tree
clone_tree

cplotter

cpoints
gscale tree

in_c

iISBCT _tree
litter_tree

MST tree
guaddiameter_tree

quadfit_tree
rpoints_tree
smooth_tree
smoothbranch
soma_tree
spines_tree

electrotonics
elen_tree
gi_tree
gam_tree
lambda_tree
loop_tree
M_tree
sse_tree
ssecat_tree

syn_tree
syncat tree

10
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 a _t rie esdally appended to indicate that a function belongs directly to
the TREEStoolbox . 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 a [ th@ last entry in the trees array is used.

v

In general, omitting an input argument by typing in the empty vector a [ 4r dy 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 a hefi pnct i o n wilh eetneve 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 a p | ot _fanctiene dor 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 a0 Examples of typical options are:

As 0 show the result, this is mostly for demo purposes

Amo demonstration movie in very few cases

Aw 0 waitbar to indicate the progress of long -lasting calculations
Ae 0 echo changes made to the tree

Note that if options is left empty ( Adefault options will be used rather than all flags
off. To be sure that all flags are off set options string to An o nNote 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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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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graphtheory edit metrics graphical construct electrotonics 10

asym_tree branch point asymmetry

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;
and S,. asym , an Nx1 vector, contains the ratio of S;
I (54 +'Sy) for S; < S, 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

aT t) loethe example branch point on the right P
(at node 3), S;=2 terminals are divided by S, + S, = ’7(,,
2+3 terminals (= 0.4). ee’b
(/\S‘
6
°8

Example: C}/

7
>> asym_tree (sample2_tree, Ttee (sample2 tree)) o

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

Seedemo movie with option 8mo

4
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= 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)o branch
[0,0,1,0,0,1,0,0,0,1,0,1,0,0, 0] point (B)

>> sum (B) |:> number of branch points

4

>> find (B) |:> indices of branch points

[3, 6, 10, 12]
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graphtheory edit metrics graphical construct electrotonics

bin_tree binning nodes

[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 ceucl_tree 9.

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

150

100¢

50

10

1,

/ y
A
£

the TREES toolbox - on the nature of neuronal branching

32



graphtheory edit metrics graphical construct electrotonics

BO tree branch order values

BO = BO _tree (intree , options)

Returns an Nx1 vector BO attributing a branch 2
order value to each node of tree intree . The 2
branch order starts at O at the root of the tree and

increases after every branch point . 1 2

Examples: 0
0

>>BO= BOtree (sample2 tree)o

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

>> max (BO) |:> Maximum branch order

3

>>B0O2 = BO_tree (sample_tree );

>> hist (BO2);

Plot a histogram of branch orders y
for all nodes p

57 - ¥
e

0 2 4 6 8 10

10
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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.

N

continuation
Example: point (C)

>C= Ctree (sample2 tree)o

[1,1,0,1,10,10,0,0,1,0,0,0, 0]

>> sum (C) |:> number of continuation points
6
>> find (C) |:> indices of continuation points

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

By default v is a vector of all ones: child then
simply counts up the number of child nodes.

¢12 —
Examples:
>> child = child_tree (sampl e2 tree)od
[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, Ttree (sample2 tree))o

[5,5,5 22 2,1,0,0,3,2,2,0,0, 0]
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graphtheory edit metrics graphical construct electrotonics 10

dissect_tree group nodes to branches

[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 NEURONike compartmental
modelling (see dneuron_tree §. Branches are
delimited by either branching or termination
points or region -defined borders .

——intact tree
Output matrix sect of size nx2 where n is the ——dissected branches

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 al6 ,which
reflects in the NEURON code below .)

Example:
>> [sect vec]= dissect _tree (sample2_tree);

>> sect o

13663 10 12 12 10 starting nodes

368910 12 13 14 15 ending nodes

>> vec 0

1112 223 3456 6789 segment index

05135 .71.47111581111 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](2)
connect tree_dendrite [5](0), tree_dendrite [4](2)
connect tree_dendrite [6](0), tree_dendrite [5](2)
connect tree_1[0](0), tree_dendrite [5](1)

connect tree_1[1](0), tree_dendrite [4](1)
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dist = dist_tree (intree , |, options)

Returns a binary Nx1 vector dist indicating the
nodes of tree intree , whose segments cross
path distance | from the root. If | is a vector of
length n, dist becomes an Nxn matrix .

20 um

Example:

>> dist_tree (sample2 tree, [40 60])60

0000100000100012 |:>n0descrossing40mn
000000010000000 |:>nodescrossing60nm
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graphtheory edit metrics graphical construct electrotonics 10

gene_tree ot opol ogi cal genc
genes = gene_tree ( intrees , options) 14
13
Returns for a cell array of cell arrays of trees 1
intrees , a cell array of cell arrays of topological 15 9
genes genes (for each tree one). The two -depth of 8

the input/output arrays allows the comparison
between different groups of neuronal trees. The
topological gene (see introduction section
Ot opol @einkratlrns for a sorted labelling of
atree (see "sort_tree ") for all branches (delimited by
topological points) the metric length and the
ending point type (termination or branch).

218 298 108 178
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Examples:
>> gene = gene_tree({{sample2 tree}}); gene{
[2129218101791109; branch length valuesin  mm
220022000 branch ending topological point descriptor

(O: terminal, 2: branch)
>> dLPTCs = load tree ( 6dLPTCs. n1:>r l@gagl groups of tangential cell
reconstructions

>> genes = gene_tree dLPTCs, 6 06) ;.. . : :
g gene_ ( )(thIS might take some time, 1 min)

VS4 cells

VS3 cells

VS2 cells

e HSN cells

HSE cells
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idpar = idpar_tree (intree , options)

Returns for tree intree an Nx1 vector idpar

containing the direct parent indices for each 1412
node . Parent node of root is G106 by default . Use ’
600option to set root parent to da

in black: node index

in red: parent index

Example:
>> idpar_tree (sample2 tree)d

[1,1,2,3,4,5,6,7,6, 3,10, 11, 12, 12, 10]
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graphtheory edit metrics graphical construct electrotonics 10

Ipar_tree path to root: parent indices

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:

>> jpar_tree (sample2_tree)

path of root
path of node #2, etc...

©CoOoO~NOOThWNLPE
WoNoOOohwWwNEFO

PRPER N OOOAWNR OO

PRk O
BPe GNP RORMONRPOOO

oo
O WRAWNROOOO
wwd
OCONWNFROOOOO
NP
OORrNROOOOOO
PR ©
0cOO0ORrROO0OO0OO0OOOO
oo
i cNcNoNcNeNoNcNoNoNe
o
oo

1510 3 2 1 0 0 0 O

~

>> |par_tree (sample_tree , 05 0)

180

160

1140

1120

1100

node #

180

5 10 15 20 25 30 35
parent path
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LO= LO_tree (intree , options)

Returns for tree intree the Nx1 vector LO with
summed topological path  distance (see
oPL_treed 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
O s or dne equivalent t r 6.e 6

Example:
>> O tree (sample2 tree)od

[62 62 61 31 28 24 13 7 6 28 21 17 6 6 4]

the TREES toolbox - on the nature of neuronal branching
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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 (sampl e2_tree)d

0123456763456 6 4]

the TREES toolbox - on the nature of neuronal branching
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graphtheory edit metrics graphical construct electrotonics 10

Pvec tree cumulative summation along paths

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.

By default, & Pv ec _tsums eup the length 59
values of the segments in the tree: v is then len
the vector of segment lengths (see al en )t r e e‘{;3 S7
Pvec then corresponds to the metric path length
to the root [in mm]. 41
40 58
31 49 59
40
51 A
10

Examples : 0

>> Pvec tree (sample 2_t ree) O

[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) ) 0

[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) ) 0

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

70
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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 .

By default, ar at i o_cbmpareso diameter
values: v is then just D. However, any other

values can be chosen here. ratio Is just
v/ v(idpar ).
0.8
1
Example :
>> ratio_tree (sample 2_tree) 0

[1 0.82 0.8 0.87 0.8 0.8 0.9
0.87 0.8 0.81 0.9 0.58]

0.86 0.75 0.78
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[tree, order] = redirect_tree (intree , istart , options)

Sets the root to a different node. This changes
in tree intree the direction of the adjacency 14,15
matrix so that arrows show away from node
istart (which becomes the first element) .

in black: old node index

in red: new node index, after redirect

Example:

>> redirect _tree (samp-se&?d ;tree, 5,

0
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rindex = rindex_tree (intree , options)

Returns for tree intree an Nx1 vector rindex 1
attributing to each node a region specific index
increasing for each region individually in order
of appearance within that region .

¢ red: region adendr

blue: region ailo

Example:

>> rindex = rindex_tree (sample2 tree)od

[1,2, 3, 4,56, 78,09, 10,11, 12, 13, 1, 2]
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graphtheory edit metrics graphical construct electrotonics 10

sort_tree relabel nodes to BCT order

[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 0 s or taedd equivalent
t r e)e 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 6LEX' options .

'-LO" orders the indices using path length and
level order. This results in a relatively unigue
equivalence relation .

'-L E Xoders the BCT elements lexicographically
This makes less sense but results in a purely
unique equivalence relation .

BCT order after
"sort_tree " affects all vectors of form Nx1 sorting with )
attributed to the tree accordingly .. osort _treeo
Example:
after redirecting the tree from a different root ( see
aedirect_tree ¢ the nodes are scrambled. Try out: 14
>> rtree = redirect_tree (sample2_tree, 5);
>> sort_tree (rtree , 65 0) ; ¢
15,12 : .
topological sorting
14.13 o0osort _treed w
13,11 oL 0o
11,10
6,3
12, 9
9,8 3 2 °.4 g 5
1,1
4.7 2,6
7 14 in black: old node index
10,15 in red: new node index, after sorting
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graphtheory edit metrics graphical construct electrotonics 10

sub tree child nodes forming sub -tree

[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 4l6 and 0
all other elements are 4G An optional output

subtree is a structure containing the tree 0
structure corresponding to the sub-tree.

Example:
>>[sub subtree ]= sub tree (sample2_tree, 5)
[0, o0, O, O, 1, 1, 1, 1, 1, O, O, O, o0, O,

>> sum (sub) |:> number of child nodes of node #5

5

>> find (sub) I:> indices of nodes in the sub  -tree

[5, 6,7, 8,9]

>> subtree |:> tree structure corresponding to sub -tree

dA: [5x5 double]
X: [5x1 double]
Y: [5x1 double]

etc..
>> resttree = delete _tree (sample2_tree, find(sub))
dA: [10x10 double] |:> original tree structure without the sub -tree

X: [10x1 double]
Y: [10x1 double]
etc..
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T = T_tree (intree, options)

Returns for tree intree an Nx1 vector T which is termation

one if a given node is a termination point oint (T
(exactly O daughter nodes) and zero else. / P ( )

Example:
>T= Ttree (sample2_tree)o

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

>> sum (T) |:> number of termination points
5
>> find (T) |:> indices of termination points

8, 9, 13, 14, 15]
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graphtheory edit metrics graphical construct electrotonics 10

typeN _tree number of daughters (BCT)

typeN = typeN_tree (intree , options)

Returns for tree intree an Nx1 vector typeN

which attributes to each node either O: T
termination, 1: continuation, 2: branch point . If

the tree is sorted (see osort tree 0), this is the T

BCT string description of the topology of the B

tree (see introduction section 0 B CfTor ma l).i s m¢

This function simply takes the vertical sum over C

the adjacency matrix with 2 as an upper bound . T

Examples:

(@]

>> typeN = typeN tree (sampl e2 tree)

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

(@)}

>> typeN = typeN tree (sampl e2 t-rbeté ) O

CCBCCBCTTBCBTTLD) BCT string
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cat_tree

delete tree

elimO0 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

the TREES toolbox - on the nature of neuronal branching
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graphtheory edit metrics graphical construct electrotonics

cat _tree concatenates two trees

tree = cat_tree (intreel, intree2, inodel, inode2, options)

10

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

inode 1 within the branching structure . Sorts the indices

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 atran_treeo)

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

>> cattree = cat_tree (sample2_tree, ttree );

(see

and

the TREES toolbox - on the nature of neuronal branching

52



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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tree = elimO_tree ( intree , options)

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); treeY (B)= tree.Y (4); tree.Z (5= tree.Z (4);

>> elimQ_tree (tree)

zero length
segment
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