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ABSTRACT

This paper presents an open contour tracking method thabgep

problem as the tracking of an open contour without fixed ohanc
points along the contour body.
Microtubules are filamentous structures that perform a rimb

an arc-emission Hidden Markov Model (HMM). The algorithm en of important cellular functions by varying their lengthseowtime

codes the shape information of the structure in a spatialigrdhable
trellis model that is iteratively modified to account for ebgtions

(Figure 1). Perturbations of the natural balance of thiz@se are
implicated in various diseases, including Alzheimer’s aadhcer.

in subsequent frames. As the open contour is determineden thvicrotubules are therefore the focus of intensive reseaftdrts.

trellis of an HMM, a dynamic programming procedure redudes t
computational complexity to linear in the length of the sttue (or
contour). The method was developed for tracking generalilour
ear structures, and tested on subcellular image sequeritee mi-
crotubules grow, shrink and undergo lateral motion fronmiato
frame. Microtubule length changes are modeled by the adaf
appropriate transient and absorbing states to the HMM. €sults
provide experimental evidence for the proposed algorisheapabil-
ity to track non-rigid curvilinear objects in challenginguronments
in terms of noise and clutter.

Index Terms— Biomedical image processing

1. INTRODUCTION

Automated data collection and quantification are becomiitgal
in biological research and directly impact a multitude ofifis, e.g.,
the exploration of the biochemical mechanics of devagjatiseases
and the general understanding of cellular machinery. Heweui-
ological content presents specific challenges. For exarfipres-
cence imaging, a mainstream imaging technique in live tetliss,
introduces focal issues and photobleaching in additiohédypical
contrast and noise problems. The experimenter has no towep
the spatial distribution of objects, since the conditionssthreflect
natural processes as closely as possible. Furthermorgesyan-
sist of 2D projections of 3D biological structures, requdtin a mesh
of objects where clutter becomes a common problem. Thul;sasa
must be performed on images that are generally of poor gualit
A general problem is that of tracking the morphological demn
in biological structures over time. A particular set of ssthuctures,
which appear as string-like formations in images, pressigjsifi-
cant challenges in the presence of clutter. Such structnohsde
blood vessels, actin filaments, microtubules, dendrites, Accu-
rate tracking, that is robust to clutter, is desirable fdleming mea-
surements in such videos. In this work, we consider the prolaf
tracking curvilinear structures that exhibit length chesggrowth
and shortening) and morphological deformations. We foateuthe

This study was funded by Center for Bioimage Informaticsarrgtant
NSF-ITR 0331697.

Studies of microtubule dynamic instability seek to bettederstand
patterns of growth and shortening behavior in response rious
cellular conditions induced by disease or drugs. The aisabfsmi-

crotubule dynamics is highly nontrivial and manifests a# thal-
lenges mentioned above. The potential impact of automatalysis
has attracted much attention. For recent results see[E.§.,3, 4,
5, 6]. Herein we present a novel general approach and iticaiph

to the problem of tracking live cell microtubules.
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(a) Frame 1 (b) Frame 10 (c) Frame 12

Fig. 1. Microtubule image sequence.

2. METHOD

In this section we present an algorithm for tracking cunghr struc-
tures in live cell images. The algorithm uses the estimatedozir
position in the previous frame as prior information, and BEy®
an arc-emission HMM representation to properly accountofor
servations in the current frame and to refine the contourdesible
growth, shortening and lateral motion. Initialization béttracking
procedure in the first frame can be performed semi-autoaibtias-
ing the tracing method of [7].

2.1. Arc-Emission HMM with Transient and Absorbing States

The open contour at frame Cy, is represented in a sampled format
by a set of M equally spaced (spacing) points indexed by) €
{1,2,..., M}. Inorder to capture possible deformations in the next
frame, we construct a deformable trellis whose central Bx&: .
The trellis is constructed by defining a set§f spatial nodes that
are equally spaced (spaciag ) along the normah, (¢) to C; at



each sampled locatiop, denotedXy, = {x,(¥)[v = 1,...,N}.
The trellis node construction about the current contouefsated in
Fig.2, as well as its possible deformation in the next frame.
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Fig. 2. Trellis node positioning about; covers possible deforma-
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Fig. 3. (a) State transition diagram féf = 3, and (b) corresponding
HMM trellis. so ands, are thestarting andending states, respec-
tively.

tions inC:y1. Edges between trellis nodes are not shown to avoid

clutter.

Given the image at frame+ 1 and the trellis constructed using

C:, we want to find the optimal path in the trellis, i.e., the skt o

points{x € Xy|¢ = 1,..., M} that will best represerd;+:. The
number of possible solutions i and grows exponentially with
M. To evaluate the quality of each possible solution we mustljo
account for prior information frong; and observation or evidence
in the new frame. We propose to use the HMM= (A, B, ) as
probabilistic model, and apply Viterbi decoding to find theimal
solution at computational complexity that is linearfifi. Each state
sy IN X is associated with a poists () in X4.

To model length variations, and in particular shorteningnes,
we use two auxiliary statesy andsy 1. so IS a transient state that
models shortening at the initial end of the contour, and neainter-
preted as the “contour has not yet begun” state. It is onlgiptesto
remain in this state or transition out of it, but impossitde¢turn to

points, which is measured by the average second order idinatt
derivative in the direction perpendicular to the transitio

S(z1,22) = / F(1=71)z1 + 722, (1 — 7)1 + TY2, @)dT (1)
0

where, f(z,y, «) vIH(z,y)v, v = [cosa sina]”, «
arctan(£2=4L)+ 7 andH(z, y) represents the Hessian matrix eval-
uated at poinfz, y]” .

With S(x4(i),x4-1(j)) as the feature of choice, we create a
gaussian model for arc-emissions in the foregroumd;|C), and
backgroundp(z|C). The arc-emission probabilities for going from
statess; tos;, 4,5 € {1,..., N}, are extracted simply by evaluating
the foreground arc-emission mode(z|C) at S(x¢ (i), xs—1(7))-
However, the arc-emission probabilities for self trawnsis ofso and

it. sy41 is an absorbing state that models shortening at the other engly, ; should reflect the evidence for background emissions for any

of the contour. It is interpreted as the “contour has endeshely”
state. Once the system transitions to this state it will ne@msition
out. Thus, shortening at the initial end corresponds tottatesition

pair of x4 (i), x4-1(j), i,5 € {1,...,N}. Accordingly, the arc-
emission probabilitieg;(Og4|ss = ¢, s¢—1 = j), can be formulated
as follows:

out of statesy, and shortening at the other end corresponds to early

transition intosy+1. We re-emphasize thath andsyy1 are tran-
sient and absorbing states, respectively, i.e., the ofdyead transi-

tion into s is its self transition, and the only allowed transition from

sn+1 is its self transition. Fig.3 shows the state diagram arltisre
of a simpleN = 3 system.

The HMM state transition probabilities govern the flexityilof
the contour to deform, and reflect statistically extractédrimation
about deformability prior to making any observation in fem- 1.
The HMM emission probabilities are assigned to each statesis
tion reflects the probability of making the observation releal in

P(Oglsy =1i,5-1 =j) =
P(S(x6(4), x6-1(5))IC)

m,ker?ll,r.l..,zv}p(s(xﬂm)’x¢>*1(k))|c)

i,je{l,...,N}
i=je{0,N+1}

)

Figure 4 illustrates a critical advantage of arc-emissidviNH
over the traditional state-emission HMM. In practice, arda&inly
in the case of microtubules, one should expect a clutterrofiai
objects in the vicinity. This means that although we assuomees

framet + 1 if C;11 passed through that specific state pair. Notenoise model for the background, we may encounter backgrthaid

that this scheme is effectively an arc-emission HMM wheréssion
probabilities are conditioned on the state pair (transjtiostead of
only on the current state as is the case for “plain” HMM. Thas i
a major departure from earlier approaches [8], which has jarma
practical impact as will be further explained below. We mep to
incorporate with the image features observed between cotige
X's using arc-emissions and adjust the transition matrixsiober-
ing the flexibility of theC;.

Arc-emission probabilities associated with the statesditaon
from pointz; = [x1,31]" to pointzs = [z2,y2]” are determined
by evaluating the evidence in the image for a contour caasistith
this transition, i.e., the suppoft(z1, z2) in the patch between the

exhibits similar behavior to the foreground. Consider tveany
microtubules as represented in Figure 4. States that aateldon
either tubule will show significant evidence for a possibéssage
of the contour. If the emission probabilities are only cdiodied on
the state, there isn't sufficient penalty for jumping fromedaobule
to the other, which the traditional HMM will do depending ohigh
tubule’s local evidence is somewhat more pronounced at gaickh
(The only penalty for such skipping is provided by the stea@di-
tion probabilities, but “tightening” those to solve thisoptem will
severely compromise the flexibility of the trellis and itsiliéyp to
model deformations). Arc-emission HMMs, on the other haald,
low evaluation of the local evidence for consistency with direc-



Fig. 5. Construction of the funnel for extension of the deformable
trellis.

M

r* = argmax ., [ [ p(Oslss =19, 56-1 =19-1)ar, .,

r $=2
Fig. 4. (a) Synthetic image (b) Viterbi paths associated with arc- (4)
emission (green) and state emission (red) HMM. The positions of the states with indices, will be the best rep-
resentation of;: 1. As a predictor of the center of the deformable
trellis in the next frame one can use the smoothed versiomef t
current best path.

tion of the transition and can easily eliminate such confusion. This
is demonstrated in the figure by the green solution.

3. EXPERIMENTAL RESULTS

2.2. Extension of the Deformable Trellis In our experiments we consider tracking of microtubulesiemdell
florescence image sequences [9] where each image sequance co
After running the Viterbi decoding and removing the;’s associ-  sists of approximatelyl0 frames. Four experts manually tracked
ated with stateso andsy-1 from the deformable trellis, we pro- microtubules by approximating their bodies with polyliieseach
pose an algorithm to extend the deformable trellis from leottis to  frame. A total of 33 microtubules were collected from 8 visieo
capture growth of the microtubule. In order to extend thedefble  associating each tubule with 4 distinct tracks.
trellis, we make use of a graph structure at both ends ofgrelich Assume that the mean tip position is represented wijth=
is illustrated on Figure 5. Here, we search for the best paitt-s E{u.,} whereu,, is the tip position of the'th expert's polyline.
ing from nodesx, (¢) for ¢ = 1, M and+) € [1, N]. We also set  Fyrther, letu be the tip position of the tracking output. The experi-
the support of edges to beg(p(S(vi,j, vi+1,1)|C)) and use the log  ments are conducted using both arc- and state-emission HNIMs
likelihood of the trellis points/,;,, as the prior to satisfy stochastic error measure based on the tip positioAd,||t, — t|2]c2}%7, as
constraints. In this scheme one can also use different i@t \ye|| as the uncertainty among the expers||t, — t.,[|3}"°, are
weights for each edge connected to the same parent node. presented in Table 1. In addition, the output of the propadgd-
Suppose each vertex of the graph is representedwyitivhere  rithm together with the ground truth from a single expertdaingle
1 andj are the indices associated with the position of vertein  image sequence is illustrated in Figure 6 and Figure 7. Taukiing
andnj direction. We apply Floyd-Warshall algorithm to find the output on all image sequences and the ground truth are bleada

solution to following equation: [10].
The distances presented in this section are in terms ofgixel
d During the calculation of error in tip distance, we consithex con-
r* = argmax I, + ZIOg(p(E(vi,v-“vi+1,ri+1)|C))- ?) dition a = [lt, —t|l2 < 7 =6on _tracking success which is set
r i—1 by biologists. The rate of success in terms of ¢he.e., the num-

ber of tracks satisfy; divided by the total number of tracks, is also

After calculating the best paths starting from all tubeestait each ~Presented in Table 1 with, .

end, we select the best path that has the minimum cost. Téetidin
obtained by considering the root and its child node thatratied best | || Arc-Emission | State Emission|

path is considered as; to extend the trellis at the end.
. . ) Pey 0.89 0.86
We stop adding more points to the deformable trellis(if,,x , v2 5 ) < TR
7. The parameter, can be set adaptively considering the statistics | Etl[ts — tlla[c2} 4.13 4.43

Of (30 (NF1), x40 (1)), E{lltu — te, 3% 1.39
Once we are done with the adding more points to the deformable . .
trellis, the maximally likely state sequence is obtainedapplying ~ Table 1. Performance of proposed tracking algorithm and the uncer-

Viterbi decoding to the\ with observation probabilities(Oy s, s, 1). tainty measure among the experts.




The majority of tracking failures were due &1 jumping to
and tracking a nearby tubule in the rest of the frames. Whdenw
clude these tracking failures in the rate of success, waidrdhem
from the tip distance statistics. Therefore, we presentitiomal
tip distance statistics based on the conditiere ||t — t||2 < 57¢
whereb7, = 30 is selected to eliminate the outliers described earlier.

(a) Frame 5 (b) Frame 15

(c) Frame 36 (d) Frame 41

Fig. 6. Output of the proposed algorithm (green) and the ground
truth (red).

4. CONCLUSION

In this paper we propose an arc-emission HMM based open aonto (c) Frame 24 (d) Frame 41
tracking algorithm. In addition to the tubule states thaitaee the

lateral deformations, we consider auxiliary transient abhdgorbing . .

states that capture the shortening of the contour. In the afson- E’ijt.rj(.re(d))mpm of the proposed algorithm (green) and the ground
tour growth, we consider a graph structure where the edgghigei '
are selected consistently with the arc-emissions of the HE¥per-

iments reported that arc-emissions performs better thete simis-
sions since it incorporates with the image features betweesec-
utive X4's.
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