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An application of perturbation Monte Carlo in optical tomog raphy

Juha Heiskala, Kalle Kotilahti and llkka Nissila

Abstract— Haemodynamic changes related to activation of ~ The propagation of near-infrared radiation in tissue can
the human visual cortex were studied using optical imaging. be modelled with a good accuracy by the radiative transfer
The change in oxyhaemoglobin concentration in the visual gqyation (RTE). A direct solution to the RTE is a numerically

cortex was estimated using a perturbation Monte Carlo (pMC) | bl hich i tv studied b |
method. Comparison to a topographic map obtained using the compiex: probiem which 1S currently studie y severa

modified Beer-Lambert law and interpolation is given. groups.
Commonly used forward models include solving the dif-
. INTRODUCTION fusion approximation to the RTE, often with finite element

Diffuse optical tomography is an emerging non-invasivéne'thOdS (FEM) and Monte Carlo (MC) simulation, ‘_’VhiCh is
medical imaging modality that uses near-infrared (NIR)ig used to solve the RTE. MC methods are accurate given that a

in the wavelength range between 700 and 900 nm. T@ﬁicie_ntnumberof p_hoto_n paths are ca_llcul_ated,and t_hey ar
method uses surface measurements of near-infrared Iidﬁ?" suited f_or modeling light propagation in geometrigall

that has traveled through tissue. Strong scattering makE@MPplex objects such as the human heqd [1]. Due to the
propagation of near-infrared light in most human tissyeldrge number of photons that need to be simulated to obtain

highly diffusive which makes the task of reconstructing théccurate results, they are not applicable to unconstrained
internal optical properties a complicated one reconstruction of optical properties of tissues. Howevoign
Methods of interpreting optical imaging data are numelj-t is sufficient to study the changes in optical properties

ous, and they vary in accuracy and level of complexity. Th?é‘rought about by phenomena being studied, such as the
t

choice of method depends on what information one wants gmodynamlc changes due to act|yat|on of the brain. I_n
extract. is case, the magnitude of the optical property change is

In near-infrared optical spectroscopy (NIRS), the goabis treIativer small £20%) and we can assume that the localized

estimate the changes in the concentrations of physioltbyg;icaperturbatIon causes only small change in the photon paths,

important chromophores in response to a stimulus or us a linear reconstruction method is sufficient. Thesdxkin
physiological change. The magnitude of the changes can reconstruction problems can be handled by perturbation

estimated using the modified Beer-Lambert Law (MBLL) onte Carlo (pMC) methods. ) ) )

if certain assumptions are true. In the absence of a light- We present an optical t_omography experiment mvc_)lvmg
propagation model, the background optical properties afgtivation in the human visual _co_rtex. The changes n the
assumed to be homogeneous and the physiological Charﬁd)é'lcentratlon of oxyhaemoglobin in the hea_d are est!ma_ted
global. With this formalism, a localized change in the pat sing pMC and the results are compared with an activation

rameters in the tissue is generally reconstructed as arfargd'@P 9enerated using optical topography with the MBLL

volume change with lower contrast. This is due to themethOd'
relatively low spatial resolution of the method.

In optical imaging, multiple light sources and detectoes ar
used. Any change in the signal during experiment is generalA. Brain activation imaging
assumed to be due to changes in optical properties either in
the skin or in the underlying area of the brain.

In optical tomography, the aim is to solve for the spatia

Il. METHODS

1) Experimental setup: We used the frequency domain
ptical tomography instrument developed at Helsinki Urive

e . X ) _ ity of Technology [2] for studying haemodynamic responses
distribution of the optical properties or changes in themisT i, o g during visual stimulation. The device has 16

requires an explicit model of light propagation in the tissu parallel detector channels and 16 time-multiplexed source
and a method for the solution of the inverse problem (imag@nannels

reconstruction). We applied an array of 18 optical fibers, of which 8 were

J. Heiskala is with the BioMag Laboratory,Helsinki UniviggsCentral sources and ten_were detectors. The 6_‘”5‘3’ was placed on the
Hospital, P.O. Box 340, 00029 HUS Finland and Helsinki Breissearch back of the subject’s head over the visual cortex as shown
\?Srl’]]t;.eyl-::ioékBaﬁXag@’ Q?O#“i University of Helsinki, Helsinkiinland  jn Figure 1. Two wavelengths (760 nm and 830 nm) were

K. kotilahti is with the L-aboratory of Biomedical Engineed, Helsinki used. The Image refresh rate WaS.O'S Hz.

Univerisity of Technology, P.O. Box 2200, 02015 HUT, Firdend Helsinki As stimulus, we used a reversing (8 Hz) checkerboard
Brain Research Centriéal | €. Koti lahti @t . fi o image that was shown to the subject on the screen of a laptop
I. Nissila is with the Athinoula A. Martinos Center for Biadical Th . | h for 5 foll db o5

Imaging, Massachusetts General Hospital, 149 13th St.fl&awn, MA computer. e stimulus was shown for 5 s, followed by a

02129, USAI ni ssi | a@nr . ngh. har var d. edu s pause. This sequence was repeated 18 times.
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2) Perturbation Monte Carlo: The heavy computational
burden of MC simulation prohibits its use for the iterative
reconstruction of the optical properties of tissue withany
prior knowledge. In the case of brain activation imaging,
however, rather than trying to reconstruct the complete
spatial distribution of optical properties, we only need to
consider the changes in the optical properties. The tissue
property distribution is assumed to known, either based on
the MR image of the subject, or based on a general head
model, if an anatomical model of the subject is not available
Literature values for optical properties of different tiss
can be used. The situation can be further simplified by
assuming that the changes take place in specific tissues, and
constraining the changes in optical properties to thesadis.

In pMC, information about the path of photon packets
reaching specific detectors is accumulated. The effect of
specific changes in optical properties of the tissue can
be estimated by re-weighting these photon biographies. A
perturbation in a region of the tissue being imaged changes
the weightw a photon packet contributes to the detected
signal into [7], [8], [9]

Fig. 2. A sagittal slice of the 3D anatomical model. 1o/ J AN
b =w <u> (“—) expl— (i — p)L] (1)
ps/pe )\ e

The locations of the optical fibers relative to three anatomynere i, andji, are the perturbed scattering and absorption
ical landmarks (nasion and thg two preauricular pointyoefficients andi; = fis + fie. j is the number of scattering
on the head were measured using a Polhemus FaStrackeyents in the perturbed region, ahds the total pathlength in
instrument [3]. This and anatomical MR imaging allowedhe perturbed region. Re-weighting photon biografies is thi
us to determine the locations of the fibers relative to thgyanner can be used for studying the effects of perturbations
subject’s brain. in both 1, and is. In our case, we assume the changes to
B. Modeling occur only inu,. Assuming multiple perturbed regions with

: different changes in,, the re-weighted contribution of a

1) Monte Carlo simulation: We studied the imaging situ- photon packet now becomes
ation with our Monte Carlo (MC) method which is capable A .
of modeling light propagation in a complex tissue model [4]. = wexp[— Y (fta(r) = pa(r))ly] (2)

In our MC implementation, the tissue is divided into "
volume elements (voxels), each of which may have differedtere the sum in the exponential function goes through all
optical properties [1]. The optical properties of the modePerturbed regions. /i,(r) and,(r) are the perturbed and
include absorption, anisotropic scattering, and the indexnperturbed absorption coefficients in the region, &nas
of refraction. We obtained an anatomically accurate tissu@€ path length traveled by the photon in the region.
model by segmenting a 3D MR image of the head of The signall¥, at a detector is obtained as the sum of
the subject into different tissue classes. A slice from th#eights of photons that reach the detector. The derivates
segmented head volume is shown in Figure 2. Since ti8Vi/0u, can be obtained analytically from Eq. 2.
locations of the optical fibers are known relative to known 3) Topographic mapping: A topographic 2D image of
positions of the subject’s head, they can also be accuratdlje changes in haemodynamics may be obtained using the
located in the tissue model. modified Beer-Lambert law which gives the change in sig-

In MC, an image of the light propagation is obtained byhal intensity in response to changes in concentrations of
tracing the paths of individual photons or photon packetdbsorbers as
as they are scattered and absorbed wiFhin the tis_sue. The A(N) = Ao(\) exp {—d-DPF ) ZAQO@(A)} 3)
pathlength of the photon between scattering events is drawn
from an exponential distribution with probability distiitton ~ where the sum in the exponential goes over different ab-
exp(—pusl), where u, is the scattering coefficient of the sorbers,C; is the concentration of théth absorber and
tissue. The absorption is handled by reducing weight of the; is the specific extinction coefficient of the absorber at
photon packet byxp(—u,l) at each scattering event, wherewavelength). d is the distance between the source and the
1o is the absorption coefficient. Good explanations of theetector.D PF (Differential Pathlength Factor) is an exper-
rules of photon propagation exist in previous literaturg [5 imentally determined scaling factor that gives the relatio
[6], and we shall not go into detail here. of the average pathlength traveled by a photon between a

Fig. 1. The organization of optical source and detector $ilwer the back
of the subject’'s head. Crosses stand for sources, circledefectors.
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source and a detector and the geometric distance. In optical %8° %80
topography, the change in absorption is generally assumed
to depend mainly on changes in the concentrations of oxy-
and deoxyhaemoglobin. Using two wavelengths, we get two
equations from which concentrations of the two absorbers
can be calculated.

For visualization, the change in absorption is assumed
to be located at the midpoint of the line between the
source and the detector. A map of the changes in oxy- and

deoxyhaemoglobin is obtained by doing an interpolation.

Absorption change (1/mm)
A. Actual simulated change
B. Reconstruction with
constraint to gray matter

C. Reconstruction without
constraint to gray matter.

C. Reconstruction of optical properties

We applied pMC to interpretation of our experimental data
as well as a simulated case.
1) Experiment: The difference in experimental dataFig. 3. pMC reconstruction of change in.. Figures A, B and C

recorded during activation and durina resting state Wagww the actual simulated change jn,, and reconstructions obtained
9 g g with and without restriction to gray matter. Due to diffecenin resolution

calculated for each case. The resting state signal intensgeween anatomical data and reconstruction of change, irsome of the
was calculated as the average of the 5 s preceding tresonstructedu, change appears outside gray matter regions also in the
stimulus and the activated state signal intensity was tak&fnstrained case, when superimposed in 2D.
at 5 s after the stimulus.
_An MC. simulation was garrled out to produce the phOtorI‘ess than 30 seconds once the photon biography data was
biographies. The contributions of photon packets wereescal available
such that the non-perturbed MC simulation data equaled the-l-he reconstruction ofi
. . a
experimental data at the resting state. constraints and by restricting the changeyin to the gray
The reconstruction ofi, was done by minimizing the Sum p,a4er The part of the head under the optical fiber array was

of squared difference in Fhe intensity change be.tween tIpé‘ilbdivided into cubical subregions with 3 mm side length,
model data and the experimental data sets. The d|fferencea||s,d the value ofi, was allowed to change independently in

given by each subregion. Only those subregions which were probed by

E— Z (Apc(Sre, Det) — Apx p(Sre, Det))?  (4) @ significant number of detected photon packets were consid-
SroDet ered in the reconstruction. For the unconstrained cass, thi

' ) ) yielded approximately 9000 independent regions, and with
yvhere_AM% andAEpr haredftfrfle MC and ex%erlmental;;inal restriction to gray matter, approximately 4000 indepernden
intensity changes for the diiferent source-detector pdl ﬁ%ilrameters to be estimated in the reconstruction. Figure 3

was carried out both without

sum can be calculated over all source-detector pairs, b s the actual change,ip and slices of the reconstructed

it may b? beneﬂmal .to c_)nly_ use.selgcted pairs. A centr ages obtained with and without restriction to the gray
problem in optical activation imaging is how to separate th%atter of the brain

changes in the blood flow of the skin layer from the changes 1.5 asults show that PMC can be used for localising

in the braiq. In our pilot study, we s_ellected t.ho.s_e SOUIC&shsorption changes within tissue. When change:jnwas
deteptor pairs which prc_>duced a statistically significamt ¢ constrained to the gray matter, the region with strongest
relation bgtweend the time COl;]rse %f the ,Oxyhemoglop'ﬁbsorption change was correctly identified. Other, weaker
concentrlauohn a}n a prototype hemo ynlfm'(.: refspc_mse _t'naﬁsorption changes are also seen in the reconstruction. The
course. in t © uture, we wan_t to use all palrs for Imaging,yqitional areas are partly due to statistical noise in the
but this requires _further expenmer_ﬂatmn gnd modelling. simulation and the fact that the number of source-detector

The mn;]lmollzanon was done using a simple steepest d?)'airs used in the study are not sufficient to guarantee a eniqu
scent metl Oed' ) he simulated brai . result in this geometry. In the unconstrained reconstoncti

2) Smulated case: In the simulated case, a brain activa-ye gjte of strongest absorption change is correctly idieti

tion was simulated by an inclusion with higheg, within ) 4 the |arge change in, in a small region is reconstructed
the gray matter. A strong 50% increaseip was used. MC das a smallegs, change in a larger region

simulations with and without the inclusion were performe
to produce the simulated brain activation and resting sta® Topographic maps of measured data
data. Topographic maps of the haemodynamic response were
. RESULTS made using the MBLL and interpolation. Figure 4 illus-
) trates the average change in oxyhaemoglobin concentration
A. Smulated data between the resting state and 5 s after the onset of the
Producing the photon biographies needed in pMC took fivetimulation. The optical fiber array is shown superimposed o
hours per light source position on a 64-bit AMD Opterorthe data. Crosses and circles represent sources and dstecto
processor. The reconstruction itself could be performed irespectively.

276



! the brain. The reconstructions done from simulated adtigat
h, ol . o data and from experimental data indicate that pMC can be
useful in localising absorption changes.
{ As the sensitivity of optical imaging is much greater to
physiological phenomena in the skin than changes in the
2 ° 8 B brain, it is necessary to develop methods for the ideniti-
fication of these processes. Two approaches can be used:

Fig. 4. Topographic map of the oxyhaemoglobin concentnatthange temporal correlation of the optical data with separate mea-
(micromolars) due to brain activation (5 s after stimulus). surements of global physiology such as the heart rate. the

— blood pressure, and respiration may allow the suppression
L Lo of those components in the optical measurements of the
02 head. Increased numbers of sources and detectors on the
o surface of the head may allow the spatial separation of
02 the skin from the brain, using appropriate modeling and
-0 reconstruction methods. Finally, these temporal and apati
-0 identification methods can be combined. On a positive note,

the skin component in neonates is of less importance than
Fig. 5. Map of oxyhaemoglobin concentration change (miatans) due . P P
to brain activation (5 s after stimulus) reconstructed ggavIC. in the adult head.
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C. pMC reconstruction of measured data

The distribution of the absorption change was iterativelﬁé b, A Boas. 1. P. Culver. 3. 3. S JA KD hrémeh |
; ; : . A. Boas, J. P. Culver, J. J. Stott and A. K. Dunn, “Thréaehsional
_SOlved f_or using experlmental data in the same manner Monte Carlo code for photon migration through complex hegenous
in the simulated case. The data from the measurements at media including the adult human head;” Opt. Exprek8, 159-170
the two wavelengths (760 nm and 830 nm) were used to (2002),

. _[2] I. Nissila, T. Noponen, K. Kotilahti, and T. Katila, L. ifiainen,
reconstruct 3D maps of the Change'ma at these wave T. Tarvainen, M. Schweiger and S. Arridge, “Instrumentatiand

lengths. The change im, was not constrained to gray calibration methods for the multichannel measurement afsphand
matter. The 3D map of the change in the concentration of amplitude in optical tomography,” Rev. Sci. Instruit6, 044302 (2005)
oxyhaemoglobin was calculated from the change,aairfor ] B%Igemus Inc., 40 Hercules Drive, P.O. Box 560, Colole&tT 05446,
the two wavelengths with the assumption that the change [y J. Heiskala, I. Nissila, T. Neuvonen, S. Jarvenp&, Somersalo,
g Was due to changes in OXy- and deoxyhaemog|0bin_ The “Modeling anisotropic light propagation in a realistic nadof the

specific extinction coefficients for these chromophores ang, g“?agrgﬁf‘ih ﬁzﬁ;e?‘g”t ﬁéégg? and A 3. Welch. *ide Carlo

the wavelengths used were obtained from literature [10]. model of light propagation in tissue,” iDosimetry of Laser Radiation
In Figure 5, a 2D slice of the reconstructed 3D map of in Medicine and Biology, G. J. Muller and D. H. Sliney, eds., SPIE IS

oxyhaemoglobin concentration change is shown. The sli 8 E \%\?azr;élé (iggg)cques and L. Zheng, “MCML-Monte Carlo reliuy

is taken at depth of approximately 2 cm. The reconstruction’ of light transport in multi-layered tissues;” Computer Metis and
shows the strongest oxyhaemoglobin concentration change Programs in Biomedicine}7, 131-146 (1995)

; ; . : - ] C. Hayakawa, J. Spanier, F. Bevilacqua, A. Dunn, J. Yaul®mberg,
at this depth, and it also coincides approximately with th V. Venugopalan, “Perturbation Monte Carlo methods to soixerse

surface of the brain. Locations of the source and detector photon migration problems in heterogeneous tissues,” Optt. 26
fibers, projected on the slice, are shown to facilitate ccrmpa[S] 5205?1) _ 4 E. M. Gelbardmfonte Carlo Prininl 4 Neut
: : . . Spanier and E. M. Gelbardnvjonte Carlo Principles and Neutron
ison with the topogrgphlc Image. . Transport Problems (Addison-Wesley, Reading Mass., 1969)

In the reconstuction, the the strongest oxyhaemoglobjs] v. Phaneendra Kumar, R. M. Vasu, “Reconstruction ofegitproperties
concentration change is found in the lower right quadrant of low-scattering tissue using derivative estimated tgroperturbation

- . P . Monte-Carlo method, Journal of Biomedical Opt@$2004)
of the fiber array. The result is similar to the topograph|cf10] M. Cope, “Application of near infrared spectroscopyrton invasive

picture. monitoring of cerebral oxygenation in the newborn infaffiD Thesis,
Department of Medical Physics and Bioengineering, UniteiSollege

IV. CONCLUSION London (1991)

We have presented a pMC method that can be used for
studying optical measurements of haemodynamic changes in
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