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a new non-local image segmentation method is presented. Re-

Abstract: Optical imaging in biomedicine is governed by the . ' '
garding a noisy picture as a multicomponent mixture of gra

DISCOVER SOMETHING GREAT

tion are demonstrated. For evaluating the scattering light images

light absorption and scattering interaction on microscopic and
macroscopic constituents in the medium. Therefore, light scat-
tering characteristics of human tissue correlates with the stage of

some diseases. In the near infrared range the scattering event with

the coefficient approximately two orders of magnitude greater

than absorption plays a dominant role. The potential of an ex-

perimental laser diode based setup for the transillumination of

rheumatoid finger joints and the pattern of the stray light detec-

scaled particles, this method minimizes a non-convex free égmentgtio_n of ;cgttering laser light images from healthy and
. . . r?rmleumatmd finger joints
ergy functional under the constraint of mass conservation of thé
components. Contrary to constructing equilibrium distributions
as steady states of an adequate evolution equation, a direct de-
scent method for the free energy is used to separate the compo-
nents of the image.
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1. Introduction within the synovia. This supports the maintenance of the
inflammatory reaction.

Diagnosis with scattering light offers new potentials in . , )

medicine on the basis of tissue optics [1,2]. Rheumatoid L&t€r, shaggy granulation tissue with neovascularisa-
arthritis (RA) is the most common inflammatory arthropa- 10N (Pannus) develops in the synovialis (Fig. 1 and Fig. 2)
thy with 1 — 2 % of the population being affected by this and destroys the cartilage and bone structures [3]. It is not

chronic, mostly progressive disease. It often primarily af-surprising that during these first stages a shift of the optical
fects the small joints, especially the finger joints. Inflam- Parameters [4,5] occurs (Table 1).

mation of RA joints caused usually starts with an inflam- Biomedical laser applications are closely related to the
matory process of capsule synovial structures (synovitis)field of tissue optics. The crucial point for any quantitative
Simultaneously the filtration properties of the synovitis are predictions on the outcome of diagnostic and therapeutic
changed, leading to an increase in the amount of enzymegse of lasers in the human body is the knowledge of light
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Tissue Healthy Rheumatically
Synovial membrane finger joint diseased
Joint capsule finger joint
Has s, Mas s,
1/mm 1/mm 1/mm 1/mm
skin 0.02 1.95 0.02 1.95
bone 0.08 2.1 0.08 2.1
cartilage 0.17 1.8 0.17 1.8
articular capsule | 0.15 0.6 0.24 11
synovia 0.004 | 0.006 | 0.011 | 0.012

Table 1 Optical parametersek vivg of healthy and rheumati-
cally diseased human finger jointsG®5 nm [5], mean values of

il .
Cartilage 10 and14 samples, respectively

Synovial fluid

Inflamed
synovial membrane

Joint capsule

pared to x-ray and nuclear magnetic resonance methods.
Light is strongly scattered through nearly all biological tis-
sues and reflected on boundary layers. This makes a direct
projection representation impossible. Therefore, compared
to geometrical optics, a central point of optical imaging in
tissue is the change of shape and size of an image by scat-
tering and absorption in tissue. One example of a medical
application is the excitation and imaging of fluorescence
light in superficial tumours for the correct estimation and
resection of the tumour with a certain safety margin in the
Figure 1 (online color at www.Iphys.org) Scheme of the small healthy tissue. Another example is the transillumination of
joint: Healthy state (top) and during rheumatoid arthritis (bot- finger joints by red laser light for the diagnosis of early
tom), compare [3] inflammatory changes in RA joints. The small geometry
of the joints supports the application of this non-invasive
method of examination [4,7,8]. A first clinical study [9]
showed that laser transillumination of finger joints could
be useful as a sensitive follow-up analysis of joint inflam-
mation when complemented with an adequate image pro-
Osteoclast cessing. For that purpose a new image segmentation algo-
rithm [10] based on a non-local phase separation model is
proposed. The key point is to consider an image with gray
levels as a multicomponent mixture of gray scaled parti-
cles which are interpreted as different phases.

Eroded

cartilage Synovial fluid

Bone

Capsule

Synovium T cell

Extensive

Cartilage angiogenesis

2. Material and method

Hyperplastic

al 3 synovial . .
Synoviocytes : ”xing 2.1. Tissue optics

A material is optically characterized at the wavelengths of
interest by microscopic absorption and scattering coeffi-

Figure 2 (online color at www.Iphys.org) Zoom of joint details  Ci€ntsi, andy,, and the anisotropy factgr, which is the

during the early stage of rheumatoid inflammation (according to@verage cosine of the scattering angle. The low absorption
Fig. 1) and high scattering in tissue allow the light in NIR region

to penetrate deeply into the tissue. The penetration depth
into tissue depends on the direction in which the scattered
photons travel. The travelling of light in homogeneous tur-
distribution in biological tissues. Monte Carlo simulations bid media is governed by the transport equation of radia-
(MCS) have been used until now for quite different scien-tion [11]:
tific investigations in this field, see [6]. dI(r, 3)
If information shall be gained by means of light from .
the interior of the body, there is a serious difference com-

= eI (r,8) + s / p(&, &) I(r, &) de2 .
S

S
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Figure 3 (online color at www.Iphys.org) Double integrating ! t L

sphere for measuring the reflectance and transmittance of a thip A T[Ny

tissue slab iy Ty e
./—/J”” hat

Laser diode
k (Lasiris, 670 nm, max. 5 mW cw)
Figure 5 (online color at www.Iphys.org) Scattering light distri-

E%CSUSSMQ butions on a healthy (I) and a RA diseased (ll) finger joint

Finger - holder
and hand rest

1983 [13]. Meanwhile, MCS is a standard numerical ap-
proach for calculating the laser light distribution in tissue
by a large number of photon trajectories based on proba-
CCD - camera bility density functions for scattering and absorption. The
(Hitachi kP-160BW) - djistribution of light throughout the material as well as the
diffuse reflectance and the diffuse and collimated transmit-

Figure 4 (online color at www.Iphys.org) Experimental setup tances of any material can be determined by these param-
for measuring the scattering light distributions on finger joints eters with MCS. In order to determine these microscopic
[8]: The system consists of a lighting unit (laser diode array) andcoefficients, the inverse method is employed: The diffuse
a camera system as well as an ergonomically adapted hand anghd collimated intensities are measured for an optically
finger holder thin sample (Fig. 3) and the parameters are fitted to the
measurements with MCS using a gradient method [14].

The results for different types of tissue during RA are
shown in Table 1.

Table level

Hered(? is the differential solid angle in the directich,
and S denotes the unit sphere. The left hand side of the

transport equation describes the rate of change of the in-

tensity at the point indicated byin the directions. The  2.2. Experimental setup

right term describes the intensity lost due to the total in-

teractionu: = i, + ps and the intensity gained through The experimental setup for scattering light measurements
light scattering from all other directions into the direction on finger joints is shown in Fig. 4 [8]. A laser diode
$. However, i, only describes the attenuation of the so- (Lasiris,670 nm, max.5 mW cw) transilluminates the fin-
called ballistic phOtOﬂS of the incident beam. The phaseger joint and the pattern of the stray light is detected by a

NN

function p(3, ") describes the amount of light scattered sensitive CCD camera (Hitachi KP-160 B/W) on the op-
from the directions into the directions’. The often used posite side.
approximation of phase function in tissue optics was pro-  Fig. 5 shows two examples of curves of scattering light
posed in 1941 by Henyey and Greenstein [12]: intensity measured on a healthy finger joint (left hand,

(c03) 1 1—¢2 @ C;Jrve ) and ?n a diseased finger joint (right hand, curve
pug(cosf) = = . 1), respectively.

2 (1+9% —2gcos6)/2 Scheel et al. [9] demonstrated that laser transillumina-

The anisotropy factor ranges in the inter{rall, 1] and is  tion of finger joints can be useful as a sensitive follow-up
an indicator of how scattering differs from isotropic con- analysis of joint inflammation. A neural network was em-
ditions (7. = 0). In most biological cases scattering is ployed for the classification of the one-dimensional scat-
strongly forward directed, i.eg > 0. For most practi- tering distributions, see Fig. 5.
cal problems the transport equation (1) cannot be solved The potential of a medical diagnosis is restricted by
analytically. The stochastic method of Monte Carlo sim- the light scattering in the skin. This scattering caused by
ulation is used to model the light tissue interaction sinceskin contains no useful information and can be removed
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by a deconvolution technique to enhance the diagnosti@and continuous functions; : [a;_1,a;] — R by

value of this non-invasive optical method. For known opti-

cal parameters of the skin the kernel of the deconvolution -5\

operator can be exactly constructed using a Monte CarI&z “a.) 0 %€ [ai-1, ai] -

simulation [15].
We get a partition of unityo, . . ., {x : [0, 1] — [0, 1] with
properties (3) and (4) by setting

2.3. The image segmentation algorithm ha(s) i s € [ag, an].

0 otherwise

Co(s) =
In contrast to the description of image segmentation as an
evolutionary process, see [16-18], we present a non-loca}
image segmentation algorithm based on a descent methoc{1
for the free energy of an image, see [10].

We consider measurable functions 2 — [0, 1] rep- Cm(5)
resenting (normalized) gray scaled images in a gixen
dimensional domai? C R™. To segment with respect for the boundary cases= 0 andi = m, and
to given gray levels

1- hm(s) if s € [am—ham] B
0 otherwise

l—hi(S) ifse [ai_l,ai],
ao,...,amG[O,l], O=ay<...<am=1, Cz(s): hH_l(s) ifse[ai,ai+1],
. . . 0 otherwise,
we introduce the following algorithm:
fori e {1,...,m — 1}, respectively.

2.3.1. Decomposition into phases

_ _ ) o 2.3.2. Non-local phase separation
Our plan is to transforminto an multicomponent distribu-
tionu® = (ul,...,u?) : [0,1] — [0,1]™** such that the

Given an initial multicomponent decompositiafl satis-
i-th component corresponds to the gray leve€ [0, 1]: P b

fying (2) and (5), we minimize a free energy functional

m F under the constraint of mass conservation by the appli-
0<u,...,ud, <1, Zu? =1. 2) cation of a non-local phase separation process’td-or .
‘o that purpose we have developed a descent method, which

yields a sequence of intermediate image’s) converging
To that end, we consider a continuous partition of unity to some equilibrium state*, see [10].

Cos -+ Gm [0, 1] — [0, 1] with weightsbo, ..., by, € R Equilibrium  distributions u*  — (ug,. .. uk,)

such that for alk € {0, ..., m} we have [0,1] — [0,1]™"! of the multicomponent system are
. states where the free energi{u) = &(u) + ¥(u) of the

0<G <L, Gla)=1, Z G=1, 3) distributionu, defined as the sum of the segmentation en-
— tropy

1
u (@) log u, (z) da
0<b<1, Y bi=1, /Ci(s)ds:bi. @) /Z“ og ui(e) d
1=0 0

. . and the non-local interaction ener
Then, we are ready to define the decomposition 9y

e = (ul, %) = (Co(e), - om(0)) - (5) /Z (Ku)i(z) s () dat ©)
Let us construct a concrete partition of unity: To do so,

we choose numbets, ..., b, € (0,1) such that ] m
m i—1 +§/Z LU_LU )(u—uo)l(x)dx,

* 1=0
Dobi=1, b= b€ (ai-1,a),
=0 =0 has a critical point under the constraint of mass conserva-
foralli € {1,...,m}, and we define exponents tion:

. px _ 0
w; = fz b; =0, /u(x) dz /u (x)dx. )
by —a;—1 Q Q
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To control the behaviour of non-local interaction between2.3.3. Composition of segmented phases

particles of type andj € {0, ...,m}, in (6) we introduce
matrix kernelgk;;) and(¢;;) and define operators

(Kui(z) =3 / ki (2, ) () dy ®)
j=0 N

and

(Lu)i(e) =3 / 055, y)us ) dy ©)
j=0 N

For our method we use matrix kernéls ;) which ensure,

We calculate the segmented versidn 2 — [0,1] of the
original imagec : 2 — [0, 1] as a convex combination of

the levelsay, . ..,a,, € [0,1] with respect to the weight
functionsug, . .., u,:

m
* * *
ut :E Uu; a; -
i=0

3. Simulation results

that particles of the same type attract and particles of dif-
ferent type repel each other. This leads to the desired segne apply our image segmentation algorithm to different
mentation. Simultaneously, we can choose the other matrixituations in image processing. For simplicity, in all of our

kernel(¢;;) appropriately to get final states close to the
initial stateu’.

In our applications we use Green'’s functions of ellip-

following examples we consider ternary systems of three
gray scaled componentsy(= 2) and(3 x 3)-matrices of
the form

tic Neumann boundary value problems as elements of the

matrix kernels: According to (8) and (9) we defifEw);

and(Lu); as the solutions of the problems
) B m '
—0°V - V(Ku); + (Ku); = Zoijuj inQ, (10)
j=0

v-V(Ku);=0 onof, (11)
and

—r?V - V(Lu); + (Lu); = Z sijuj in€Q, (12)

7=0
v-V(Lu); =0 ondQ. (13)

Here, we prescribe effective rangesr > 0 and intensi-
ties 0y, s;; € R of interaction forces between particles
of typei andj € {0,...,m}, respectively. Clearly, both
matrices are assumed to be symmetric. The cages 0

—0 +o0 +o

(0ij) =\ +0 —0+0 |, (14)
+0 40 —0o

and
+8 —85 —s

(sij) = | —s +s —s (15)
—8 —S +s8

From the structure ofo;;) it follows, that particles of the
same type attract and particles of different type repel each
other with the same range > 0 and intensitys > 0 of
interaction.

In our examples we reconstruct a denoised test image
and scattering light images of finger joints. Here, the non-
trivial choice of(s;;), s > 0 enables us to get final states
close to the corresponding initial value8, see (6) and

ando;; < 0 represent repulsive and attractive interaction, (12).

respectively.
We minimize the free energlf = ¢ + ¥ of the mul-

Naturally, planar images are represented by bounded
rectangular domain® C R2. The ranges of interaction

ticomponent system under the constraint (7) by solvingare given in the natural length unit of the problem, that
the corresponding Euler—Lagrange equations using thefo'rneans, the edge length of one (square) pixel. Of course,

lowing descent method: Let € (0,1] be some suitably
chosen relaxation parameter andl be the initial distri-
bution. Knowing the intermediate staté we uniquely

determinev* and the corresponding Lagrange multiplier

AF € R by solving the equation
A\ = D&(vF) + D (uF),

our method can be applied also to voxel images defined in
a domainf? C R™ of arbitrary space dimensione N.

3.1. Artificially denoised test image

such that* satisfies the constraint (7) of mass conserva-AS @ robustness test, we reconstruct a denoised image with

tion. Finally, we set
Pt = 7ok 1 (1 - 7).
In [10] we have shown that in the limit proceflss— oo the

sequencéu”, \¥) converges to a solutiofu*, \*) of the
Euler—Lagrange equation

\* = D®(u*) + D¥(u*),

whereu* satisfies the constraint (7). Simultaneously, the
sequencd F(u*)) of free energies decreases mononoti-

cally to the limit F'(u*).

respect to three gray levels

49
ag =0, alzﬁ, as =1,
with weights
39 23
100’ 100’ 100’
and interaction parameters,
0=2, o=10, r=2, s=12,
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Figure 6 Image reconstruction: Initial value, noisy image (left); © T T T 0 T T T
final state of the two-component black and white reconstruc-
tion, gray region still noisy (middle); final state of the three-
component reconstruction (right)

5 az =1, by=br=by=,

. . , 3
and interaction parameters,

Figure 7 Image segmentation: Scattering light image of a 0o=4, o=4, r=4, s=4
healthy finger joint (top left); corresponding final state of image ’ ’ ’ ’
segmentation (top right); scattering light image of a finger joint according to (10), (12), (14), and (15).
suffering from rheumatoid arthritis (bottom left); corresponding

final state of image segmentation (bottom right)

Figure 8 Energy differencers(u*) — Fo(u™) of the final state
scaled down to the maximal energy differerfcéu’) — Fo(u*)
against the distance parameterc [0, 4]. Results for both the
healthy (solid line) and the rheumatoid (dashed line) finger joint
and different ranges of interaction:=r = 3 (left); o =r =4
(right)

tation with respect to three components (bone, cartilage,
and synovial fluid).

Please note, that we separated two gray sczlddy
130 pixel images with respect to three equally weighted
gray levels,

3 1
a():O, a1 =

3.3. Variation of parameters

One can not guess the optimal values of the process param-
according to (10), (12), (14), and (15). Fig. 6 shows nu-eters at the beginning of a simulation series. Especially, it
merical results for a noisg00 by 200 pixel image. The s not obvious, how to choose the distance parameten
advantage of the three-component case compared with thie (15).
two-component black and white reconstruction (with sim-  In this section we document different series of simula-
ilar parameters) is obvious. tions for two range® = r = 3 andp = r = 4 of inter-
action and the two light scattering images of the healthy
and the rheumatoid finger joint, respectively. In both cases
the segmentation parameter= 4 in (14) is fixed, and the
distance parametervaries in the interval0, 4]. Fors = 0
we are in the case of total phase separation, and the corre-
In our joint project we use the above non-local image seg-sponding final state shows the lower boufid«*) of the
mentation method to analyze medical images regardingnergy scale, whereas the enefgfy.®) of the initial value
the scattering light distribution of the near-infrared spec-yields the upper bound of this scale. In Fig. 8 for both im-
tral range on rheumatoid finger joints. Rheumatoid arthri-ages we plot the energy differenég(u*) — Fy(u*) of
tis is the most common inflammatory arthropathy; it of- the final state scaled down to the corresponding maximal
ten affects the small joints, especially the finger joints. In-energy differencé”(u°) — Fy (u*) against the distance pa-
flammation of joints caused by rheumatic diseases startsameters € [0, 4]. As it can be seen in Fig. 8, the smallness
with an inflammatory process of capsule synovial struc-of the rescaled energy difference
tures. Later, granulation tissue develops in the synovialisp, (u*) — Fy(u*)
and destroys the cartilage and even the bone structure> 5 "
Fig. 7 shows two examples of healthy and rheumatoid fin- F(u?) = Fo(u*)
ger joints and the corresponding results of image segmenseems to be a measure of iliness.

3.2. Light scattering images of finger joints
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