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This article describes the preprocessing and calibration methods currently applied to data acquired
with the University College London multichannel time-resolved optical tomography system. We
briefly outline the imaging system and describe the features of our experimentally collected data,
sources of stochastic noise, and systematic errors. We examine two methods of calibrating data:
“difference imaging” using two image data sets with and without the features of interest to produce
an image, and “absolute imaging” using an independent calibration measurement. We describe the
methods developed to apply each calibration to raw data. Although the difference imaging
performed is found to produce images with fewer artifacts, analysis indicates that it will not be
directly applicable for clinical applications. Also examined are the effects of using a two
dimensional(2D) reconstruction scheme to produce images from measured data. For absolute
imaging, artifacts are shown to dominate such images even in the case of a homogeneous third
dimension. The feasibility of deriving aad-hoc correction factor to allow the use of a 2D
reconstruction for measured data is examined, and is shown to reduce artifact. Difference imaging
is demonstrated to be more robust to such effects.2000 American Institute of Physics.
[S0034-6748)0)03609-1

I. INTRODUCTION structured together with the ability to separate the effects of
absorbers and scatterérghe UCL prototype 32-channel
As first demonstrated by Besis in 1977, tissue oxygen-  time-resolved imaging system, the multichannel optoelec-
ation can be determined from differences in the characteristigonic near-infrared system for time-resolved image recon-
absorptions of oxy- and deoxy-hemogloltthe oxygenated struction (MONSTIR) has recently been completed and is
and deoxygenated forms of hemoglobin, the oxygen carryingiescribed in detail by Schmiet al® Time-resolved data are
component of bloodat optical wavelengths. Biomedical op- acquired by MONSTIR and image reconstructions are per-
tics research at University College Lond@dCL) has fo-  formed using an iterative finite element metH&&EM) based
cused on the potential of optical radiation for monitoring g1gorithm, temporal optical absorption and scattering tomog-
brain function of the human neonate. One avenue of thi?aphy(TOAST) as described by Schweiger and Arridye.
research has been the development of time-resolved optical Rgliable production of images using the TOAST soft-
tomography as a means of imaging brain function in n€oyare requires that the experimental data match the predic-
nates. As a continuous cotside monitor in an intensive cargyns of the forward model as accurately as possible. To
unit, a functional imaging system could provide early detec-,cpjeye this, it has been necessary to devise methods of pre-
tlon_of ab_normal ce_rebral oxygenation or_ pgr_fusmn and po'processing the experimental data to reduce the effects of un-
tentially aid prevention of permanent brain injury. . avoidable systematic errors. The complexity of the calibra-
Optlcal tomography |nV(_)Ives the tran5|llum|na_1t|0n of tis- tion required depends heavily on the type of information
sue with near infrare@NIR) light (~700—1QOO nhin order being extracted from the measured temporal data. Since
rThwany investigators employ only intensity data for image re-

measurements made on the tissue surface. Time-resolved op- . . L .
. I . _construction, calibration is often performed using a reference
tical tomography utilizes the observed dependence on optica

properties of the time taken for NIR light to propagate Object. However_for tempor{ﬂand frequency domajrdata, .
through tissué. The advantages of time-resolved measure-methOdS of making calibration measurements and applying
hem must be carefully considered. This need for detailed

ments over simple intensity data include a reduced sensitiv- "~ " ) .
Gcallbratlon in all optical tomography methods is a symptom

8F the necessity for experimentally collected data to be ad-
equately modeled by either the analytic or numerical meth-
ods chosen to produce images. In this article we describe the
dAuthor to whom correspondence should be addressed; electronic maihﬂethods which have been developed to effectively calibrate
ehillman@medphys.ucl.ac.uk . .
data from MONSTIR, and substantially reduce the manifes-

PAlso with: Department of Computer Science, University College London, 9! _ ! . :
Gower Street, London WC1E 6BT, UK. tation of image artifacts. Although conventionally “differ-

an increased dependence of temporal data on deep
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ence imaging,” where a reference data set is used to elimi: Reforence
nate features common to the reference and the actual data , stee Fedpeen
often used, we believe that the production of reference phan
toms for clinical subjects may prove impractical. Hence the || ——
primary objective of this work is to produce images using \
temporal data without recourse to a reference measuremer
This requires calibration methods that can be performec 82 souce
prior to imaging an object of arbitrary shape and optical

properties.

/
/'J 32 detector
f fiber bundles

(Ti:sapphire)

“4T  VOA: Variable Optical Attenuator,
ATD: Amplifier/Timing Discriminator,
MCP-PMT: Micro-Channel Plate-Photomuitiplier Tube,
CFD: Constant Fraction Discriminator,
PTA: Picosecond Time Analyzer.

Phantom

A. Imaging principles . o
FIG. 1. Schematic diagram of the MONSTIR imaging system.

When NIR light passes through human tissue, such as

the neonatal brain, the overwhelming effects of scatter prog variable optical attenuatévOA) which reduces the risk of
hibit the use of the Radon transform and back-projectionyamage to the detectors, and decreases the required dynamic
methods for image reconstruction. The approach adopted fhnge. Light that has passed through the VOA then travels
UCL is to measure the temporal distribution of photonsyiong a short length of wide diameter polymer fiber, and via
transmitted between points on an object’s surface in responsgyisip|e light blocking long pass filter to the photocathode of
to illumination by an impulse of light. It is then assumed thatyne of four eight-anode microchannel-platdCP) photo-
a finite set of measurements between pairs of points is suffiyytiplier tubes. A detected photon results in an electronic
cient to reconstruct an arbitrary distribution of internal ab'pulse, which is amplified and converted to a fast nuclear
sorbers and scatterers. The TOAST reconstruct_ion PaCkagﬁstrument moduléNIM) logic pulse by a constant fraction
employs a FEM forward model, based on the diffusion apjiscriminator(CFD). A reference signal derived from pulses
proximation to the radiative transfer equatfowhich gener-  spjit from the main laser beam is also converted into fast
ates simulated measurements for a given distribution of inpm logic pulses and delayed by an appropriate amount. The
ternal scattering and absorbing properties in an object. Thesg|ative delay between the signal from each CFD and the
values are then compared to measured data and the modeliSerence signal is then measured by a picosecond time ana-
adjusted_ iterat_ively until acceptablg correspondence betwequer (PTA) which builds up a histogram of individual pho-
the two is achieved. Thus TOAST is composed of a forwardgp grrival times. These histograms, or so-called temporal
model, an objective function to be minimized, based on thepoint spread function§TPSF3, may then be read out from
error between model predictions and measured data, andige pTAs by a control PC. A full set of data is collected by
scheme for adjusting the parameters of the FEM model t@equentially illuminating each of the 32 source fibers and
achieve minimization. o recording the resulting TPSFs for each of the 32 detector
Other methods developed for tomographic imaging ofyyngles for each source. The data set for a single image then
the internal optical properties of highly scattering objectScomprises up to 1024 TPSFs. The TPSF is the temporal dis-
include the use of frequency domain data. Here, an ampligipytion of photons transmitted between points on an ob-

tude modulated source rather than a pulsed source i38usetjiectvs surface in response to illumination by an impulse of
Each modulation frequency provides the equivalent of ongignt, as described in Sec. | A.

sample of the Fourier transform of a time-resolved data set.

Quantitatively accurate images were produced by McBride .

et al® using frequency domain data and a reference phantorg" Data extraction

of known composition. Intensiticontinuous wavemeasure- TOAST does not utilize entire TPSFs for reconstruction.
ments on phantoms have been used by Jetra)1° to pro-  Instead, the forward model derives various datatypes, repre-
duce absorption and scatter maps, although the investigatosgenting characteristics of the TPSF directly, thereby decreas-
noted that intensity modulated measurements provided supéig computational complexity and increasing reconstruction
rior images. Again, a homogeneous reference phantom waspeed. Consequently, preparing data for image reconstruc-
used to calibrate the data. Meanwhile Uedal ! report the  tions involves extracting these datatypes from the measured
reconstruction of images of absorption and scatter in breastata, and supplying TOAST with the positions of each
phantoms using absolute intensity data without recourse tsource and detector. This means that it is essential to extract
reference measurements. datatypes from the measured TPSFs that are sufficiently free
from systematic sources of noise and uncertainty to provide a
good correspondence with those calculated by the forward
model. In this article we describe the methods developed for

The MONSTIR imaging system is illustrated in Fig. 1. optimizing the extraction of reliable datatypes from experi-
Picosecond pulses from a Ti:sapphire laser, operated at @entally measured TPSFs.

repetition rate of 80 MHz and a wavelength of around 800

nm, are coupled via a fiber switch and one of 32 optical

fibers to the surface of the object to be imaged. Light transll' EXPERIMENTAL DATA CHARACTERISTICS

mitted through the object is collected simultaneously by 32  The datatypes used in reconstructions must be suitably
detector fiber bundles. Each fiber bundle delivers the light toobust, and the chosen combination must disclose sufficient

B. Data acquisition
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information to differentiate between absorption and scétter. A.
So far, the TPSF datatypes we have most frequently em-

ployed for image reconstruction are the mean flight time,
variance about the medpr central variance, integrated in-

tensity, and normalized Laplace transform, since they have

proven to be effective in reconstruction simulatidf$® In

order to extract these datatypes from the experimental data

3D TOAST forward model TPSF

reliably, we must consider the potential sources of error 0

which influence their evaluation. O' 20000 40000 6000 8000
During the development of MONSTIR substantial im- fime (ps)

provements in temporal stability were achieved. The width B.

0.0045
0.004 1
0.0035
0.0083 1
0.0025 -
0.002 1
0.0015 A
0.001
0.0005 -

of the system’s impulse response has been steadily reduced
as a result of careful tuning and electrical interference reduc-
tion throughout the instrument. However the system will al-
ways have a finite impulse response, certain sources of noise
will remain, and some unavoidable temporal drift will occur.
The effects of the various sources of stochastic and system-
atic noise and temporal broadening on a typical TPSF are
illustrated in Fig. 2Zb). A simulated TPSF from the three- 0
dimensional(3D) forward FEM model for the same geom-

etry, source-detector spacing, and optical properties is shown

for comparisorjFig. 2(a)]. Distortions in the measured TPSF C. 45
shape can be more clearly seen on a logarithmic 4€ade 4
2(c)]. The various sources of distortion and noise are now 35
considered separately below. Each datatype depends to a dif-
ferent degree on each type of noise. It is hence necessary to
ensure that the following sources of noise have minimal ef-
fect on the calculation of datatypes.

(Normalized) MONSTIR TPSF

0 2000 4000 6000 8000
time (ps)

Log (MONSTIR TPSF)

A. Stochastic noise

Temporally uncorrelated noise is evident on all experi-
mentally measured TPSKEig. 2(c1)]. The signal to noise -3000  -1000 1000 3000 5000 7000 9000 11000
ratio is less for TPSFs collected for larger source—detector tims (ps)

separgtlons due to.redljlctlon in Fhe Intensity 9f the SIgna#:IG. 2. (8) A TOAST forward model TPSF for the central plane of a
(despite the reduction in dynamic range provided by the}]omogeneous cylindrical (3D) mesh u/=085mm™ and u,
VOAs). The background level will also be determined by the=0.011 mm%, with 70 mm diam and source—detector separation 47 mm
individual thresholding properties of each CFD. This back-(1.473 rad. (b) A MONSTIR TPSF from the central plane of a solid cylin-

ground intensity will influence the calculation of experimen- drical phantom with diameter 70 mm and nominal properfies-0.85
+0.210 mm - and ux,=0.011+0.002 mm * with a source—detector separa-

tal datatypgs. FQI’ example, the existence of apparent phOtQiGn of 47 mm.(c) The TPSF shown iith), but on a logarithmic scale.
counts at flight times shorter than that of an unscattered pho-

ton will produce an effect on datatypes not accounted for bysource—detector pair in use, the intensity delivered by the

the forward model. particular source, and the amount of attenuation across the
object being imaged. In addition to the prepeak, the use of

B. Position and dynamic range dependent features eight-anode MCPs as described in Sec. IB leads to some

(cross talk ) “cross talk” between neighboring detector channels

The fiber switch employed by MONSTIR sequentially (<0.3%). This manifests as a superposition of the TPSFs of
couples input from the laser via an optical fiber to one of thethe adjacent detector channels. The magnitude of the cross
32 source fibers. However leakage of light within the switchtalk is dependent on the relative intensities of the TPSFs for
into the other 31 nonactivated fibers is around 4@f the €ach detector, but since “detector 8” is adjacent to “detector
illuminated source intensity. This fraction is comparable tol”, in heavily attenuating media, this cross talk can become
the attenuation across the 7 cm diam tissue-equivalent phagignificant. Note that through integration of a bank of sub-
tom typically employed for imaging experiments- (0 °). sidiary source fiber shutters, the prepeak in the MONSTIR
Therefore the intensity of light entering a detector bundleSystem will soon be significantly reduced. MCP cross talk
from an adjacent nonactivated source fiber can be significaifiould also eventually be eliminated via hardware modifica-
compared to that due to an activated source much furthdfons.
from the detector. Since light from the closer source WiIIC S dd ot
have traveled less distance, it will generally arrive before the™ ource and detector specific features
main TPSF and is evident as a “pre”-pefkig. 2(c2)]. The The variation in lengths and properties of fibers, bundles,
occurrence and relative magnitude of prepeaks depend on tlaead cables, and gradual temporal drifts within the electron-
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ics, result in each detector channel having a unique impulse L,
response. In addition, an optical reflection occurs within the
MONSTIR system at each end of the short length of polymer
fiber between the VOAs and the long pass filters. This is
evident as a distortion in the later part of the TPS#g.
2(c3)]. The magnitude of the reflection and its temporal de-
lay relative to the unreflected signal is specific to each detec-
tor channel. Also, each source fiber will deliver a pulse with
different temporal characteristics due to the fiber switch and
the varying lengths and properties of each of the 32 source
fibers.
I1l. USING A REFERENCE PHANTOM MEASUREMENT
AS CALIBRATION
A. Difference imaging using temporal datatypes
Measurements made on a reference object are often usec

to determine absolute optical properties of subsequently
measured tissuéd Similarly, a well-defined reference object
is often employed by researchers in the field of optical to-
mography to acquire reference data in addition to data COIFIG. 3. (a) Target images(b) Mean time difference reconstructions using a
lected on the object of interest. The advantage of such a 2D mesh, of experimental data collected on a structured phantom, utiIi‘zing
reference measurement is that most systematic errors Corﬁl_lﬁference measurement on a homogeneous phantom as described in Sec.
mon to both data sets will be eliminated in the resulting
difference imageTo obtain the reference measurement, a
phantom with similar background optical properties and di-estimated average background values for this phantom,
mensions to the object of interest is used. Alternatively twofound using the method described later in Sec. VB, were
data sets could be collected at different wavelengths on ap.=0.85+0.10 mm ! and x,=0.011*0.002 mm* at 800
object whose structure is known to have different absorpam. The reference measurement was collected on a homoge-
tions at each wavelength, or acquired before and after aeous cylindrical phantortdiameter 70 mm and height 110
physiological change. Researchers have also proposednam) with estimated optical properties ofpus=0.9
method of imaging using differential changes in diffuse light +0.10 mm* and u,=0.01+0.002mm ! at 800 nm. The
transmission following contrast agent administratidCon-  source intensity required to ensure sufficient signal to noise
straints on the properties of such reference measurements aggio for larger source—detector separations, necessitated the
discussed in Sec. IV C. five detectors either side of each source to be blocked by the
The ratios of intensity measurements have been showdOAs. TPSFs were collected for all other source—detector
to produce satisfactory images of phantomsiowever, in  pairs, and hence each data §etage and referengecom-
the clinical environment it may prove difficult to obtain high prised of 704 mean flight time values. The images were re-
quality intensity datdor amplitudes for frequency domajn constructed using a 2D mesh and utilized no additional cali-
due to the effects of movement, optical coupling to the tis-bration information. The mesh contained 3800 nodes, and
sue, and the heightened sensitivity of the datatype to featurdébe starting parameters werg.=0.85mnm* and u,
close to the surfacésuch as hajr® Mean flight time and =0.01mm %. The images are scaled linearly from the mini-
other temporal datatypes are more robust to such effects amdum to the maximum pixel values. The absorbing and scat-
are thus potentially more suitable for routine clinical appli-tering inhomogeneity can be clearly seen and there is very
cations. Use of such datatypes also offers the opportunity ttttle background artifact.
unambiguously separate absorption and sctées.will be However, although the reference phantom was not ex-
shown in Secs. IVB and IVC, if we create a difference actly matched, as will be shown later in Sec. IV C it is im-
image using mean flight times, we must use tliéerence portant that the reference object has similar optical properties
(not the ratigp of the mean flight times derived from data and dimensions to the object being imaged. A time-resolved
collected on a reference object and the object of interest. system described by Ntziachristesall’ requires measure-
The reconstructed images shown in Fig. 3 are the eightiments of a liquid phantom with and without the inhomoge-
iterations ofmean flight time difference imagedlONSTIR  neities to successfully produce difference images. The manu-
was used to acquire TPSFs in the central plane of a cylindrifacture of such reference phantoms for use with neonatal
cal tissue-equivalent phantom containing a small inhomogesubjects is unlikely to prove feasible at the cotside. It is
neity with five times the background absorption and scattertherefore desirable to develop a method of calibrating for the
The phantom is 70 mm in diameter and 140 mm in lengthsystematic errors described in Sec. Il that is effective regard-
and the embedded object is a cylinder 8 mm in diameter, 1@ess of the optical properties and geometry of the object be-
mm tall, and is located 17.5 mm radially from the center, ining imaged. Attempts to produce images of comparable qual-
the plane of the fiber holder rin@s shown in Fig. 1 The ity to those achieved using difference imaging have required

My

(a) Target
images

(b) Meantime
difference
images

0.0100 mm* 0.0110 mm"'  0.760 mm’" 1.046 mm’
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surements are made each time an image data set is acquired
in order to compensate for long-term laser instability and
temporal drift in the electronics. We use the tools to perform
three separate measurements as follows.

1. Detector calibration

Using configuration(A) as shown in Fig. @), pulsed
laser light is delivered to the central diffusing target via a
spare source fiber. No light is incident from any of the other
source fibers shown around the circumference. The 32 detec-
tor bundles are held around the circumference of the tool by
a supporting ringonly four are shown for clarify equidis-
tant from the diffusing target, which provides uniform and
roughly equal illumination of all 32 bundles. The MONSTIR
system records the TPSFs from all 32 channels when the
central target is illuminated. This provides the temporal re-
sponse of each detector channel to the same incident signal.

2. Source calibration

Using configuration(B) as shown in Fig. @) a detector
bundle(No. 1) is coupled to the small diffusing target in the

calibrate variations between different sources and different detector charcenter of the tool. The 32 source fibers are held around the
nels, and to evaluate the system’s impulse response, as described in Sefrcumference of the tool by the supporting rigagain, only

IVA.

four are shown for clarity equidistant from the diffusing
target. The fiber switch is used to sequentially activate each

development of calibration tools, and methods of applyingsource fiber, which then illuminates the central target and

corrections to measured data.

IV. CALIBRATION AND DATATYPE EXTRACTION
WITHOUT A REFERENCE MEASUREMENT

thus light enters the coupled detector bundle. The MONSTIR

system records the TPSF from detector channel No. 1 as
each source is activated. This provides the temporal charac-
teristics of each incident source, when collected by the same

o detector channel.
A. Calibration tools and measurements

The greatest potential source of uncertainty in mearB. Absolute calibration
flight time is the variation in the lengths of the many optical Using the tool shown in Fig. (&), source fiber No. 1 and

fibers and electrical cables that make up the system. Reﬂe‘a’etector bundle No. 1 are held at a known separd@anm)
tions and variations in TPSF shape due to the finite instru=|-he system records the TPSE from channel No. 1 When

ment response of the system also co'ntribut_e error, but to Source No. 1 is illuminated. This measures the temporal re-
Ie;ser degrge. By contras't, centrgl variance is not affected t§’ponse of detector No. 1 to source No. 1.

differences in delay, but is heavily dependent on the TPSF

shape.

To facilitate calibration of the system, two calibration
tools were constructed as shown in Fig. 4. The source an
detectorrelative calibration tool[Fig. 4(a)] is an epoxy resin The conventional approach to calibrating for the effects
cylinder of 70 mm diameter. An optical fiber is coupled to aof a finite temporalor spatial response function is to em-
small scattering cylinder embedded in the center. In configuploy a Fourier deconvolution procedure. This requires pre-
ration A, a source fiber from the laser is connected to theise knowledge of the entire temporal impulse response
central scatterer, providing isotropic illumination of the 32 function (IRF) for every source—detector pair in the system.
detector bundles positioned in the central plane. In configuAlthough, as will be shown, the calibration measurements
ration B, a detector bundle is coupled to the fiber leading taletailed in Sec. IV A are sufficient to extract these impulse
the central scatterer, which then effectively collects any lightresponse$Eg. (15)], their derivation would require multiple
incident on the central scatterer from each of the 32 sourceonvolution and deconvolution. This procedure would am-
fibers positioned in the central plane. Tabsolute calibra- plify errors and noise, and increase the complexity of prepro-
tion tool [Fig. 4(b)] holds a source fiber and a detector cessing. However, as shown below, it is possible to recover
bundle at a known distance apart, shielded from extraneousertain “deconvolved datatypes” from the measured tempo-
light and utilizing the beam divergence to illuminate theral signal without the need to manipulate data in the fre-
whole bundle. A small piece of diffusing paper is positionedquency domain.
in front of the bundle to ensure realistic excitation of all the ~ Suppose we assume that an experimentally measured
modes in its constituent multimode fibers. Calibration mea-TPSF, represented hy(t), can be described as the convolu-

B. Elimination of source and detector specific
%emporal response variations
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tion of the ideal TPSHD(t) and an impulse response func-
tion specific to each source—detector déir): 0
= * * * + 1
y(t)=D(t)*1(1), 1

wheré denotes a convolution arte-time. If we express the B R
convolution integral as a summation, the measured TPSF can
be expressed as i)

FIG. 5. A measured TPSF can be described as a convolution of the actual
y(t)= E D(t—w)l(v). (2 TPSF of the object and the impulse response functiiRBs) of each part of
v the measurement system, plus nonconvolved noise.

If we define the mean flight time of(t) as

S y(t) Xt wheres=the Laplace coefficient. Thus it is not necessary to
Mearjy(t)]= (3) measure the whole impulse response of the system in order
2y(1) to obtain the equivalent of the datatypes of a deconvolved
and substitute Eq2) into Eq. (3) we obtain TPSF. One can effectively deconvolve the IRF from a
datatype by simply subtractin§i[1(»)] or dividing it by
Mearfy(t)]= Zyy(t)xt L[1(v)], whereM[y(t)] is a temporal moment and y(t) ]
Zy(t) is intensity or Laplace. Also, since the above relationships
hold for any convolved functions, it is possible to derive
22, D(t—v)l(v)t . !
— these correction values by combining the datatypes of the
22, D(t=v)l(v) various calibration measurements described in Sec. IVA.
3.5, DO)I (v)(X+ v) This is appropriate if we make t.he reasongble assumption
S D(X)I(») that each measured TPSF consists of the ideal TPSF con-
x=v volved with the temporal response of each individual com-
SD(X)Xx I H(v)Xv ponent of the system used in that measurement. This is illus-
=TS0 S (4 trated schematically in Fig. 5.
If the additive noise ternfi(t) is ignored, the mean, vari-
wherex=(t—v). Therefore ance, and skew datatypes derived from the measured TPSF
Mear{y(t)]=MearD(x)]+Mear!(»)]. (5) can be represented by the general expression

We find that the mean flight time of the measured TPSF is  MIY()]=M[laser puls¢+M[Source IR

equal to the sum of the ideal mean flight time (Mga(x) 1) +M[Detector IRF+M[Ideal TPSH. (10)
and a quantity equal to the mean time of the instrument’s ) )

IRF (Mearjl(»)]). Similarly it can be shown that the same Thus in order to extract the ideal datatype

is true for the second and third central temporal moment§=M[Dnm(t)]) from the measurement we are required to
(central variance and skéwhere evaluate M[ I, n(t)] (for n=source numbet1-32 and

(1?2 m=detector number1-32, where
2y ()X (t—(t

Variancg¢y(t)]= S0 M[Il,m(t)]=M[laser pulsg+M[SourcgIRF]
=Varianc¢D(x) ]+ Varianc¢l(v)] (6) M DetectoIRF]. (1)
and Let us consider how the source, detector, and absolute cali-
bration measurements described in Sec. IV A can be broken
()X (t—(1))3 down in this way:
Skevly(®]= Zy(t) (i) Source calibration: The datatypeV [ Srccay, 4(t)] of
the TPSF collected by detector 1 from sourgewith the
=Skew D(x)]+ Skew I(v)]. (7)  calibration tool in configuration B, can be expressed as

For the normalized Laplace transform and integrated inteny[ Srcca), ;]=M[laser pulsg+ M[SourcelRF]
sity datatypes, it can be shown that the ideal datatype is '

multiplied by a factor equal to the datatype of the IRF: + M[DetectofIRF]+M[ToolgTPSH. (12
. (i) Detector calibration: The datatype
Intensm[y(t)]:zt‘, y(t) M[Detcalyarem(t)] Of the TPSF collected by detectan

from the spare source with the calibration tool in configura-
=Intensitf D(x)] X Intensityf1(»)], (8)  tion A can be expressed as

> SYy(t) M[ Detcalyaem] = M[laser pulsg¢+ M[ Source,,dRF]
Zy(t) + M[ Detectof,|RF]+M[Tool, TPSH.
=LaplacéD(x)]X Laplacé¢l(v)], 9 (13

Laplac¢y(t)]=
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(iii) Absolute calibration: The datatype Intensity Yobjec( t) ]
M[Absca} ((t)] of the TPSF collected by detector 1 from INteNSIY Yrooronctt) ]
source 1 using the absolute calibration tool can be expressed
as Intensity D gpjec X) ] X Intensity 1 (v) ]

"~ Intensity D eferenckX) 1 X INtensity 1 () ]

M[Abscal 1]=M[laser puls¢+M[SourcglRF]

+M[ DetectofIRF] + M[ Tool, . TPSH Intensitf Dosjec( )] (18)
etecto 00 ) = - ,
: Abs (14) Intensn)[DreferencéX)]
and similarly for mean flight time
By rearranging Eqg12), (13), and(14) and substituting into
Eé. (12) Weg ot?taiﬂ g Mear[yobjecﬁt)] —Mear Yreterencét) |
=Mear Dobjec(X)] —Mean D gferencéX) |- (19

MII n,m(t)] =M [Srccalul] +M[ DetcaLparem]
Using the calibration methods described in Sec. IV B, we are
—M[Srcca| ;] ~ M[Detcakyare 1 deriving only datatypes dD spjec(X), in which case TOAST
+M[Abscal ;]— M[ Tl (15)  estimates datatypes f,crgrounfX) and creates a data set in
’ the form of Eqs(18) and(19). This accentuates the features
The only value in Eq(15) which is not directly calculable of the data due to internal structure above the dominant ef-
from the calibration data iM[Tool,,s]. For mean flight fects of, for example, source—detector separation. So the suc-
time M[Toolss is simply the mean time taken for light to cessfulness of this type of difference imaging depends on the
travel the 7 mm distance through &i#23 p9, in the abso- assumption thaD ,ackgrounéX) =D referencéX) - Alternatively,
lute calibration tool shown in Fig. 4. For variance, if the optical properties of the reference object are well
M[Tools,s]=~0, since there is negligible temporal broaden-known, TOAST could simulateD gerencéX), although a
ing of a pulse passing though 7 mm of air. well-matched reference object with identical source—detector
Subtraction ofM[1, (t)] from datatypes calculated di- geometries may also reduce the effects of systematic errors
rectly from the uncalibrated data then yields the same resuliue to dynamic range, or positional uncertairigthough
as a deconvolution of the true IRF for that particular source-honconvolved errors cannot be expected to cancel com-
detector pair §,m). pletely).
Equation(15) does not hold for the Laplace and intensity If the match between the reference and the object of
datatypegEgs.(8) and(9)], where the effect of the impulse interest is poorD ierencéX) Will Not be sufficiently similar to
response is multiplicative. However, following a similar pro- the DackgrounéX) term and the reconstruction algorithm will
cedure to that described above, it can be shown that theot be able to adequately model the probable corresponding
factor required to correct these datatypes is given by internal structure of the object being imaged. Even if the
internal structures of the objects are both simple and similar,
mismatches can result in artifact, as will be shown in Sec.
VD.
Note however that difference imaging may also be used
where the terms on the right hand side are the correspondirfgr more than just calibration. In this case the values of
datatypes derived from the calibration measurements, €.0D ..enckX) are significant for assessing, for example, a
Laplac¢y(t)]=L[y(t)]. Note that in this case change in physiological state or for wavelength difference
LaplacgTool,pd ~exp(—=23Xs). imaging. By combining difference data sets, as shown above,
many systematic errors are eliminated, however it is then
important to consider the meaning OE[D gpjec(X)]/

C. Corresponding interpretation of difference imaging L[DreferencéX) ], 0o MIDopjec(X) ]~ M[Dreferenqéx)]' _We
must assume thata) the absolute structure is sufficiently

The results derived above demonstrate why differenc%imp|e that “linearization” can be assumed:; afil photons
imaging is so effective in the removal of systematic errors. Ifhave traveled through the same regions in both data sets. As
the TPSFs collected are given by demonstrated by Arridge and Schweid®wyithout adequate
knowledge of the absolute structure of the object, a linear-
Ynm(t)=laser pulseSourcgIRF* Detectof|IRF*Ideal TPSF ized reconstruction starting from a homogeneous mesh may

=l n.m(?)* D m(X), (17)  fail to produce a difference image, for example, if there is a
significant region of higher scatter in an object and differ-
a full data set collected on a homogeneous phantom und@&nce images are acquired before and after an event which
identical conditions to data collected on the object of interestesults only in an absorption change. In this case the recon-
provides an entire set df, ,(¥)* Dy m referenckX). Thus us-  struction will not be able to model the correct paths of pho-
ing Eq. (8), the ratio of intensities from the structured and tons through the object, so correct localization of the absorp-
homogeneous phantonisr other reference sgtwill elimi- tion changes is unlikely. As demonstrated by Schweiger and
natel, n(v), assuming that it has remained constant betweeArridge 1° photon measurement density functions also de-
the two acquisitions pend onu,, so in the case of wavelength difference imag-

B L[Srcca)] X L[ Detcal,] X L[ Abscal 4]
Ll m(®]= L[Srccal]x L[ Detcal ] X L[ TOOlppg]

(16)
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ing, the paths taken by photons may be sulfficiently differentpf the prepeak(Sec. 11B), signal recorded at the shortest
that the photons in each image may not be probing the sanféght times does not provide a reliable measure of the back-
regions. Again this would prohibit adequate image reconground noise. Instead, the background noise is sampled at the
struction. largest flight times, following the region containing the main
Difference imaging is therefore successful since, asTPSF. The last 160 data points are averaged into 16(lhihs
shown above, it provides data where many systematic erroidata points=50 pg. The lowest value bin is then assumed to
have cancelled. This may account for the impressive imageepresent the background level. This method also avoids the
quality apparently achievable. However we have also showpossibility of including the reflection pedSec. Il Q within
that poor matching of the object and reference will signifi-the calculation of background intensity. The background
cantly degrade the effectiveness of the method. This is patevel value is subtracted from every data point in the TPSF
ticularly important when imaging clinical subjects where automatically and before extraction of datatypes. The low
shape, structure, and optical properties are unknown, and iinequency background variation due to cross talk in the
the case of subjects with specific pathologies, may be signifieight-anode MCPs(Sec. 1B, may continue to affect

cantly different from what may normally be expected. datatypes following ‘“constant background” subtraction.
However it may be possible to adequately predict the mag-
D. Reduction of the effects of nonconvolved noise nitude and temporal position of such cross talk, if the frac-

plion of cross talk occurring can be measured and assumed to

The effectiveness of the deconvolution-equivalent tec .
demaln constant.

nigue described in Sec. IV B, and indeed difference imagin
depends on the influence of the additive noise term iIIus-3 D © windowi
trated in Fig. 5. Stochastic noise and cross talk are not con-' ynamic winaowing
volved functions. Higher order moments such as skew are Appropriate selection of the range over which to calcu-
heavily dependent on such noise and its effects may ovefate a datatype from a TPSF can reduce the effects of the
whelm the corrections calculated for individual source—varying amounts of stochastic and other systematic noise on
detector combinations. Noise on calibration TPSFs may haveither side of the TPSF. This is particularly important for the
far more effect on the datatype derived than the shape dientral momentgvariance and skel which are more de-
temporal position of the calibration TPSF, hence limiting thependent on photons far from the mean of the TPSF. In addi-
usefulness of the subsequent calibration. Although stochastfton, for effective application of the calibration procedures
noise and cross talk can be reduced via hardware alteratiordescribed in Sec. IVB and for difference imaging as de-

processing for remaining nonconvolved features is necesscribed in Secs. IlIA and IV C, the derivation of datatypes
sary. from the main data set and the calibration or reference data

sets should be equivalent. This is because we are effectively
] ) ) ~_canceling outsums over time fsee Eqgs.(3)—(9)] and the
High frequency noise removal using a low pass filter is|imits of these sums should be the same for all relevant cal-
inappropriate as a method of removing stochastic noise. Thigyjations. The temporal window also ensures that any reflec-
is because a low pass filter is simply a multiplication of thetions or other temporal features specific to the source—
Fourier transform of the data to be filtered by a chosen winyetector pair are included in the calculation of calibration

dow H(w) in the frequency domain. In turn, this representsya|yes, if they have influenced the datatype values derived
the convolution of a shift-invariant functiam(t) (the inverse  fom the actual data TPSF.

Fourier transform of the windowin the time domain. As We must define this temporal window, over which to
demonstrated by Eqs5), (6), (7), (8), and (9), datatypes cajculate datatypes, as the time either side of a fixed point.
derived from a TPSFy(t) that has been convolved with a ajthough it requires the assumption that the MONSTIR
function h(t) will equal the original TPSF's datatypes TpsFs are approximately symmetric, the mean flight time
(MLy(t)] or L[y(t)]) either with a constarM[h(t)] added  has been chosen as this anchor point, since it is easier and
(for moments, or multiplied by a constarit[h(t)] (for in-  more reliable to calculate than peak position. Hence we need
tensity and Laplade If the low pass filter chosen is an even ap jterative procedure for derivation of the mean flight time
function, subsequently derived intensity and Laplacegatatype since the mean of the TPSF is required to deduce
datatypes will simply all be scaled by a constant factor, anghe window over which to calculate a better estimate of the
even momentse.g., variancewill all be offset by a constant  ean flight time. Once the optimal window for a particular

amount. Mean and skefthe odd momenjswill be unaf-  TpsFE has been deduced, this same distance either side of the
fected and in all cases the effects of the stochastic noise Willean flight time of each calibration TPSF is used to calcu-

remain. However, potentially, high frequency spikes onjgte the “calibration datatypes.”
TPSFs could be removed using a “median filter,” which  opce the mean flight times have been calculated, it is
may help to reduce spurious errors in higher order datatype@ossiue to deduce absolute tim@ using Eq.(15). This al-
. lows further refinement of the window since we can elimi-

2. Background subtraction nate the inclusion of any apparent photon counts prior to

A background subtraction scheme will reduce the effecteither the entrance time of photons=0) or the ballistic
of a constant offset on datatypes, such as that due to the levghoton time [t=source detector separatioo¥)], where
of stochastic noise on a particular TP&fependent on the c=speed of light and is the refractive index. The ballistic
signal intensity and the properties of the detectBecause photon start time is used to establish the window for calcu-

1. Low pass filtering
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lation of the Laplace datatype since it is particularly sensitive °%3% —ATORST
to early photons, and hence the prepeak. Since central skew . | ——2D ToAST
is an odd function, the use of a symmetric window either "

side of the TPSFs mean should aid cancellation of high fre- 002 <=2804ps
quency random noise. If the ballistic photon time is known, ,,, | el
the section of data containing the prepeak could be replaced .

with a section of background noise from the end of the TPSF °%% 2::311;5;32
to constitute the datatype calculation window extending an ., | lap=2.65-5
equal distance before and after the mean. Since central vari- -
ance is an even function, it is desirable to calculate the °%°%] gggg::jgg;
datatype over as small a window as possible, while not trun-

cating the tail of the TPSF. Intensity and mean flight time © 1000 2000 3000 4000 5000 6000 7000 8000

time (ps)

should be least susceptible to high frequency random noise,
since its integral should tend to zero. It is important thoughriG. 6. TPSFs generated by TOAST forward models using eithe(c2D
to consider the effects of the prepeak, and of low frequencyulaﬁ or 3D (cylindrical) meshes, of diameter 70 mm. Both are homogenous

noise components such as MCP cross talk that may not efis=1.0mm " andyu,=0.01mm *, and have a source—detector separation
. . of 70 mm. The values for the mean time, variance, and Laplace for each
fectively cancel over the window.

TPSF are also shown.

likely to be significantly different from those acquired ex-
V. USING A TWO-DIMENSIONAL RECONSTRUCTION perimentally.
SCHEME TO PRODUCE IMAGES Nevertheless, 2D models are very attractive since com-
A. Reconstruction considerations putation is substantially faster. Consequently we have exam-
] __ ined the possibility of applying an appropriate correction to
If we are attempting to develop a general calibrationgyperimental data in order to render it more suitable for a 2D
method, we are in effect trying to produce calibrated datay|qorithm. Such a correction would not be capable of elimi-
that matches the 3D TOAST forward model. Development ofy4ting the effects of out-of-plane structure. However if a
the_T(_)AS_T reconstruction software natural_ly began with theseries of 2D images, representing slices of a 3D object, can
optimization of 2D meshes and reconstruction methods, prioge clearly reconstructed thanks to a derived correction factor,
to _de_veloz%ment of the 3D methods that are now beingy js possible to deduce aspects of the 3D structure by com-
optimizeds” So far, all experiments conducted with MON- paring adjacent images, as demonstrated by Schenialt?2
STIR have utilizeq sources and detectors confin.ed to a singlg preliminary exploration of the feasibility of deriving a
plane (as shown in Fig. L As a consequence it has been correction factor was conducted by Schweiger and Arridge,
tempting to suppose that reconstruction could be achievegq employed data simulated using a 3D FEM mddein-
using an algorithm that is likewise limited to 2D. However, 4qe reconstructions based on the uncorrected data and a 2D
since photons are free to migrate in all three dimensiong,gorithm exhibited a significant ring artifact. The simulated
within a s_cattgrlng medium, measurements made at the SUfta were then adjusted by rescaling each datatype by a fac-
face are inevitably affected by photons that have traveledy gependent on the source—detector separation. These fac-
through structure located above and below the plane of ingyr5 were generated by dividing the datatype derived from a
terest. Although this sensitivity will decrease quite rapidly3p FEM model of a homogeneous cylinder by the same
with increasing distance from the plateepending on the  yaratype generated from a 2D FEM model of a homogeneous
attenuation of the objegtnot only will out-of-plane structure  gisk of the same diameter and optical properties. This crude
influence images, but also quantitation will undoubtedly b.ecorrection method produced images with significantly less
affected. We must hence employ a 3D forward model ifgifact.
quantitative imaging is required. The importance of includ- |t \ve are to investigate the effectiveness of such correc-
ing 3D |r_1format|0n in order to provide accurate quantitativejons since the 2D and 3D FEM models must utilize optical
information has already been demonstrated by Cheng angoperties as close as possible to those of the object, a pro-

21
Boas: tocol for extracting the average values of these properties
Regardless of the effects of out-of plane structure howsom experimental data had to be developed.

ever we have also found that the statistical distribution of
photon flight times between two points for 2D and 3D mod-
els are sufficiently dissimilar to produce a significant differ-
ence in the forward model predictions of the datatypes. Thi
is illustrated in Fig. 6, which shows TPSFs generated using Although analytic solutions to the diffusion approxima-
2D and 3D FEM models for a homogeneous disk and a cyltion for a cylinder and a circle exiéf,it is not straightfor-
inder of equal diametef70 mm). Both models employ the ward to invert them to derive optical properties from bound-
same transport scattering coefficieni.1.0mm 1), ab-  ary data. The simple analytical approach described here is to
sorption coefficient f,=0.01 mm 1), and source—detector deduce the average background optical parameters of the ob-
separation =70 mm). The differences between the TPSFsject being imaged from the average datatype for each
suggest that datatypes derived from a 2D FEM model arsource—detector spacing. An initial guess of the relation be-

B. Estimation of average background optical
groperties
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0.0095mm’" 00118 mm'  0.871mm’" 0.984mm’*
500000 ) .
. FIG. 8. Reconstructions of; and u, showing the effect of a constant
400000 x ‘gﬁs"%;f“’m offset in mean time and variance, and a constant scaling of Laplace, as
2 300000 Variance from 3D described in Sec. \{C. The datatypes were derived using a 2D TOAST
~ TOAST forward model, manipulated, and then reconstructed on the same 2D mesh.
200000
100000 IV B provided datatypes consistent with a unique sejugf
0 andu (see Fig. 7. Creation of a full look-up table for many

111519 23 27 30 34 36 42 46 50 geometries and optical properties would allow swift and au-

tomated deduction of average properties by seeking values
0.016 that simultaneously minimize the error between each simu-

0.014 lated and experimental datatype.
0.012

source - detector position (radians)

X Laplace from
MONSTIR

Laplace from 3D
TOAST

0.01
C. Calculation of correction factors

0.008

0.008 The generation of appropriate correction factors has

been investigated using both FEM, and Green’s function so-

lutions to the 2D and 3D diffusion equation for an infinite

11 15 1.9 23 27 3.0 34 38 42 46 50 mediunt* [see Eqgs(Al) and(A2)]. An empirical examina-
source - detector positon (radians) tion of the Green’s function analytical models yielded sev-

FIG. 7. Comparison of the datatypes calculated from experimental TPSFs tgral interesting discoveries. First, datatypes calculated from

datatypes from a TOAST 3D forward model. The datatypes are the averagesD @nd 3D Green'’s functions for identical optical properties
for each source—detector spacing, extracted from experimental TPSFs cand source—detector separations were evidently very differ-

lected on a solid cylindrical phantom, diameter 70 mm, and have had th@nt, Second. the 2D:3Mifferencebetween some datatypes
methods described in Secs. IV A, IV C, and IV D applied to compensate for, . " - . .
the individual IRFs of the system. The forward model used a 3D cylindrical(mean ﬂlght time, variance, and skewere Vlrtua”y inde-

mesh of the same dimensions as the phantom, with optical properties d@€ndent of source—detector separation. This indicates that
duced using the method described in Sec. IB=0.85mm* andu,  ‘“‘correction” of these datatypes could be achieved by simply
=0.011mm* at 800 nm. adding a constant value. Third, thetio of other datatypes
(intensity and Laplagewere likewise reasonably indepen-
dent of source—detector separation, suggesting that correc-
Epn could be achieved by simpinultiplying each datatype

y a constant valuéassuming negligible boundary efferts
This is behaviorally consistent with the properties of the

0.004
0.002

tweenu, and u, can be made to withine10% from a least
squares fit to mean flight time versus source—detector spa
ing for separations 0£50 mm. If the gradient of this fit is
M, using the 3D infinite space Green’s functiorsee Eq.

(A6)] it can be shown that dataty_pes derived in Sec_:. IVB .
It is perhaps counterintuitive that a factor independent of
. [4M 202 source—detector spacing will result in a ring artifact. To ex-
M= W—l)ﬂa, (200 amine this, we used a 2D forward modglomogeneous,

ui=0.9mn ! and u,=0.01mnT?t, diameter 70 mmto
wherec=speed of light andi=refractive index of the object. simulate a set of datatypes. We then subtracted a constant
However the absolute values of Laplace and variance calcwsffset (120 ps and 60 000 psfrom all mean flight time and
lated via the infinite space Green’s functions are found to b&ariance datatypes, respectively, divided all Laplace
far more sensitive to the infinite space approximation. Thuglatatypes by 0.55, and then reconstructed on the same 2D
Green'’s functions are ineffective in retrieving further infor- mesh. The constants were chosen to mimic the 2D:3D mis-
mation about the values qi, and .. Instead we use a match. The resulting images far, andu at iteration 8 both
“look-up table” of 3D FEM datatypes to deduce the values exhibit characteristic ring artifacts as shown in Fig. 8.
of u, and u that agree with Eq(20), and that also give For the calculation of correction factors using FEM
consistent agreement with experimental and forward modeahodels, it is essential that the 3D model employs a mesh
predictions of variance and Laplace. This also offered conwith the highest possible resolution. This is because coarser
firmation that the datatype calibration procedures in Secmeshes are inherently less accurate, and a strong dependence
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Mean time corrections (differences) i (1) m 5 (11)
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— Green's
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56000
54000 4 M (b) Derived
52000 m—hEM 2D:3D
50000 (2D-3D) correction
E 48000 A — Green's
= Functions
46000 2D.30)
44000 1 = values used
42000
40000
11 15 19 23 27 30 34 38 42 46 50 - -
source-detector positions (radians} o n o N
0.0096mm 0.0115 mm 0.749mm 1.027mm
Laplace corrections (ratios) (s=0.005) FIG. 10. (a) Reconstruction of experimental data using a 2D mesh with no
085 2D:3D correction(b) Reconstruction of experimental data using a 2D mesh
0.9 with the corrections derived and applied as described in Sec. V C.
0.85 s FEM
8 (2013D)
075 — reons derived using both methods have relatively little dependence
07 functions on source—detector separation, and experiments using many
065 o potential corrections indicated that it is the absolute magni-
i Dy ) tude of the correction that is most critical in achieving arti-
O 7 a0 a4 8 42 se oo fact reduction. Indeed, once the optimal absolute value had
source-delector positions (radians) been deduced, simply adding a constant to all temporal data,

and multiplying the Laplace data by a constant could signifi-
FIG. 9. Correction va!ues for mean time, va_riance, and Laplape to comperban“y reduce ring artifactéthe exact converse of Fig.).8
sate for the 2D:3D mismatch, calculated using _Green‘s func_tlon, F_EM for-Hence our method-of-choice involves rescaling the correc-
ward models, and the values found to be effective for reducing artifact.

tion factors obtained from the infinite space Green'’s function

ratios so that their values agree roughly with the FEM-
between datatype values and mesh resolution is observedderived factors. The correction factors are then applied to the
the mesh is insufficiently fine. However, if we are attemptingdata using the sum-or-multiply rules for each datatype as
to reduce the mismatch between experimental data and tlsiggested by the Green’s function results. The Green’s func-
2D forward model, it follows that the 2D mesh employed in tion, FEM, and the final 2D:3D correction values chosen for
the correction should be the same as that used for the imageean flight time, variance, and Laplace are shown in Fig. 9.
reconstruction of experimental data.

Despite the promising results achieved earlier with this
approactt? close inspection of the correction factors gener-
ated from ratios of FEM datatypes reveals an irregularity in  If a difference image, as described in Sec. IVC, is re-
the relationship between the correction factors and sourceeonstructed using a 2D mesh, the artifact due to a 2D:3D
detector separation. This effect is possibly due to the subtlenismatch is not eviderisee Fig. 3. Since both the reference
dependencies of finite element calculations on the resolutiorsnd the image data set will have common features due to 3D
of the 2D and 3D meshes. This irregularity is illustrated inpropagation, the resulting offsets are likely to cancel as sug-
Fig. 9. Datatype correction using factors that exhibit thisgested by Schweiger and ArridgeNote, however, that the
irregularity may cause additional artifacts in the recon-effectiveness and applicability of the reference measurement
structed images. is constrained by the requirement that the geometrical and

Because the Green’s function models are only strictlyoptical properties of the reference object are well matched to
valid for an infinite diffusing medium, the absolute values ofthe object of interest, as discussed in Sec. IV C. For example,
correction factors are unlikely to be similar to those generin this case a reasonable difference in optical properties
ated using finite media of arbitrary geometry. This was conwould result in differences in the absolute magnitudes of the
firmed by comparing Green’s function correction factors2D:3D mismatch, so the offsets would not cancel, which
with those derived from FEM models. However, correctionswould result in artifacts like those seen in Fig. 8.

D. 2D:3D correction in difference imaging
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VI. RESULTS AND DISCUSSION image quality as further corrections are applied. In addition
the capabilities of the TOAST reconstruction algorithm have

In Fig. 10, images are presented of the object describedot been fully exploited in this article; other datatygesy.,

in Sec. Il A. The data set that was used in combination withMellin—Laplacé?), regularization, the inclusion o priori

reference data to produce the images in Fig. 3, is now recorknowledge (e.g., from a MRI scar® higher order FEM

structed without the use of the reference measurement, buteshes, and faster 3D reconstructfGreze all being devel-

calibrated using the methods described in Secs. IVA, IV Boped.

and IV D. The images are all iteration 8, the same FEM mesh

and starting parameters were used as for the images in Fig. ABCKNOWLEDGMENTS

and _the Images are scaled linearly from the minimum to the For further details about this work and the availability of

maximum pixel values.

tion described in Sec. VC, Fig. (& shows images of ab- X phys.ucl.ac. g. Supp

rotion and tter reconstructed usin 2D mesh. M search has been generously provided by The Wellcome
sorption and scatter reconstructed using a esh. Ve rust, The UCL Graduate School, Action Research, EPSRC,
flight time, variance, and Laplace datatypes were derive

from the experimentally collected TPSFs and calibrated us- nd Hamamatsu Photonics,

ing the methods described in Secs. IVA, IVB, and IVD. APPENDIX

Without the 2D:3D correction, a ring artifact is evident

which is very similar to that apparent in Fig. 8. The infinite space 3D Green’s function solution to the
Figure 1@Qb) shows the images that have been generatediffusion approximation to the radiative transfer equatfas

after application of the 2D:3D correction factors to the

datatypes used for Fig. (#). The central ring artifact has

been significantly reduced, and the embedded object can

clearly be identified. In each case, the eighth iteration of thevherew is frequencyu, is the absorption coefficient., is

reconstruction algorithm is shown, since qualitatively the im-the transport scattering coefficient,is the source—detector

ages are superior to later iterations; Although quantitatiorspacing, andc is the speed of light in the medium. The

improves in later iterations, without regularization the arti- corresponding 2D form is

3(pat ps)

G3D(w)= 2d(2 )32 e_d\/s(ﬂa‘*ﬂé)[ﬂa‘*'(iw/c)], (Al)
aa

i

X KO Ma+ - ’ (AZ)
Cc

facts on the boundary tend to worsen.

3, the images in Fig. 18) do exhibit more artifact. Also, the Gap(@)= 2(2m)%?

positions of thew, and ., features are slightly different in

closely in Fig. 3. This suggests that the effect of the 2D:3D Vad \/(“aﬂ‘é)

match has not been fully accounted for by the derived cor-

10(b) than in Fig. 3, indicating that some differences be- The datatypes discussed in this article can be described by
tween sources and detectors have not been completely ac- 9G(w)

In comparison with the difference images shown in Fig. 3(pat po)
Figs. 1@b)(i) and 1Qb)(ii), where their positions agree more
rection. There is also more nonsymmetric artifact in Fig.WhereKq[ ] is the modified Bessel function of order zero.
counted for by the calibration procedures described in Secs.

Jw

IVA, IVB, and IV D, as compared to difference imaging.  pjean flight time= 0=0 (A3)
Undoubtedly, reconstructions Fig. (b) are of poorer G(0)

quality than the difference images in Fig. 3. ImportamlyVariance (about the mean

however, in principle, the calibration measurements and

techniques used to produce the images in Fig. 10 can be dG(w) - 9G(w) 2

applied to data acquired on objects of virtually any shape and P ! e

optical properties, without requiring a specially constructed = 0=0_ ©=0 ] (A4)

reference phantom. The calibration measurements are G(0) G(0)

quicker to acquire than a complete image data set on a G(@)]pmop = +s

matched reference phantom, and the preprocessing requireédplace= 2 (A5)

is fast and simple, all of which improve the applicability of G(0)
the calibration methods to the clinical environment. If thewheres is the Laplace coefficient. So for example using the
2D:3D correction is not applied, the calibrated data are suit3D Green'’s function G(w) = G;p(w)) we get
able for reconstruction on a 3D mesh. So if the effects of
out-of-plane structure render the 2D:3D correction inad- . . \/End(:“a“L )
equate, images can still be produced without requiring the Mean flight time= 2 \/7,
use of a reference objett. CVpalpat i)
Understanding the origins of errors in derived datatypes, _ _
F. F. Jobsis, Scienckd8 1264 (1977.
M. S. Patterson, B. Chance, and B. C. Wilson, Appl. @gt.2331(1989.

(A6)

and attempting to account for them, has yielded images,
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