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10.1 Introduction

Microvascular blood flow (BF) delivers nutrients such as oxygen
(O,) to tissue and removes metabolic by-products from tissue.
Normal microvascular BF is thus critical for tissue function.
Abnormal BF is associated with conditions such as cardiovas-
cular disease, stroke, head trauma, peripheral arterial disease
(PAD), and cancer (Yu et al. 2005a, b, 2006, Durduran et al.
2009b, Zhou et al. 2009). Therefore, measurement of BF holds
potential to provide useful information for diagnosis of tissue
disease and for monitoring therapeutic effects.

The ideal BF measurement should prov1de quantitative
information about macro- and microvasculature with millisec-
ond temporal resolution. The measurements should be carried
out continuously, noninvasively, and without risk to subjects.
Furthermore, ideal measurements would not, be limited to the
tissue surface, i.e., it is desirable to probe BF in deep tissues.
Unfortunately, no such ideal modality exists. We thus begin
‘with a brief review of the ¢ 1mperfect technologies currently uti-
lized in the clinic. w :

A variety of noninvasive methods are employed for the mea-
surement of BF and blood cell velocity (Wintermark et al. 2005).
. Ultrasound, for example, penetrates through the skin, making

transcutaneous flow measurements practical. When a cellular
target recedes from the fixed sound source, the frequency of the
reflected sound wave is lowered because of the Doppler effect
(Hoskins 1990). For small changes, the fractional change in
sound wave frequency equals the fractional change in cell veloc-
ity. Doppler ultrasound can image large vessels in three dimen-
sions with relatively high spatial (~mm) and temporal (~ms)
resolution. Unfortunately, this technique is limited to large ves-
sels; extension to the microvasculature requires exogenous con-
trast agents such as microbubbles (Sehgal et al. 2000, Yu et al.

2005b, Sunar et al. 2007).

Other imaging techniques have been developed to evalu-
ate tissue hemodynamics at the level of the microvasculature
(Wintermark et al. 2005), including positron emission tomog-

raphy (PET) (Baron 1999), single photon emission computed

tomography (SPECT) (Mahagne et al. 2004), xenon-enhanced
computed tomography (XeCT) (Latchaw et al. 2003), dynamic
perfusion computed tomography (PCT) (Wintermark et
al. 2000), dynamic susceptibility contrast MRI (DSC-MRI)
(Kidwell et al. 2003), and arterial spin labeling magnetic reso-
nance imaging (ASL-MRI) (Detre et al. 1992, Williams et al.
1992). These techniques use endogenous (ASL-MRI) and exog-
enous tracers (PET, SPECT, XeCT, PCT, and DSC-MRI), and
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their temporal and spatial resolutions vary. For example, the
data acquisition time for ASL-MRI, PCT, and DSC-MRI is in
the range of seconds to minutes, approximately 10 times faster
than the other techniques. The spatial resolution for PCT, DSC-
MRI, and ASL-MRI can be as small as 2mm and is typically
4-6mm. :

All of these medical diagnostics, however, have limitations
that preclude their routine use in the clinic. PET, SPECT, and
xenon-CT require exposure to ionizing radiation, and PET and
SPECT require arterial blood sampling for quantification of BE.
The MRI methods cannot be used in patients with pacemakers,
metal implants, or claustrophobia. Furthermore, most (if not all)
of these imaging methods are costly and employ major nonport-
able instrumentation, requiring patient transport. The methods
are largely incompatible with serial measurements and so tend
to be used only once in the patient’s hospitalization, typically in
association with a specific research protocol.

Other surface-sensitive imaging techniques for the measure-
ment of microvascular flow include scanning laser Doppler (Liu
etal. 1997), laser speckle imaging (Dunn et al. 2001, Durduran et
al. 2004a), and Doppler optical coherence tomography (DOCT)
(Chen et al. 1998). These methods are used primarily for nonin-
vasive monitoring of BF in tissues located within a few hundred
microns below the tissue surface.

1t should be apparent, from the discussion above, that a major
unfilled niche remains as per the quest for an “ideal” moni-
tor: “bedside” measurement of BF in deep tissues. To this end,
near-infrared (NIR) diffuse optical technologies (Gopinath et
al. 1993, Hielscher et al. 1993, Chance 1998, Chance et al. 1998,
Fantini et al. 1999, Durduran et al. 2002, Wolf et al. 2003, Yu
et al. 2003, Choe et al. 2009, Li et al. 2009) provide a fast and
portable alternative to the more costly medical diagnostics (e.g.,
MRI or CT). A well-known spectral window exists in the NIR
(700-900 nm), wherein tissue absorption is relatively low, so that
light can penetrate into deep/thick volumes of tissue (up to sev-

eral centimeters). Traditional near-infrared spectroscopy (NTRS)

has long been used for continuous measurements of hemoglobin
concentration, blood oxygen saturation, and, indirectly, for BF
assessment using exogenous tracers (e.g., indocyanine green dye;
Kuebler 2008). The present chapter is concerned with a qualita-
tively different technique for the measurement of BF. The tech-
nique was originally introduced for the study of complex fluids
and was dubbed diffusing-wave spectroscopy (DWS) (Maret
and Wolf 1987, Pine et al. 1988, Stephen 1988, Maret 1997);
more recently, diffuse correlation spectroscopy (DCS) (Boas
et al. 1995, Boas and Yodh 1997), a differential formulation of
DWS, has been developed and vigorously applied to probe BF in
deep tissue vasculature. The aforementioned photon-correlation

methods share the advantages of NIRS (i.e., deep/thick tissue

penetration), but provide a more direct and robust measure of
BF (Boas et al. 1995, Boas 1996, Boas and Yodh 1997, Cheung
etal. 2001, Durduran 2004, Durduran et al. 2004b, Li et al. 2005,
Yu et al. 2005a,b, 2006, Zhou et al. 2007, Durduran et al. 2009b,
Shang et al. 2009).
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DCS offers several attractive new features for BF measure-
ment. Among these features are noninvasiveness (i.e., no ioniz-
ing radiation, no contrast agents), high-temporal resolution (up
to 100Hz) (Dietsche et al. 2007), and relatively large penetration
depth (up to several centimeters) (Durduran et al. 2004b, Liet al.
2005). On the other hand, DCS has relatively poor spatial resolu-
tion, about 0.5mm near the surface and degrades with depth.
For measurement in adult humans, DCS holds potential to pro-
vide information complementary to that available from imag-
ing techniques that measure tissue morphology, such as MRI,
or tissue function, such as PET. Perhaps, most importantly, DCS
can be easily deployed at the bedside in the clinic (Yu et al. 2006,
Durduran et al. 2009b) and, therefore, can be utilized for con-
tinuous monitoring,.

In this chapter, we sketch the historical development and
physical basis of DCS. We then describe DCS instrumenta-
tion and provide examples of its validation. Finally, we provide
some in vivo application examples. This chapter is not intended
to discuss every detail of every problem; rather, it is intended
to provide a flavor for the method and a snap-shot of recent
progress.

10.2 Near-Infrared DCS
Technology Development

Near-infrared diffuse optical spectroscopies naturally separate
into “static” and “dynamic” regimes. Here, we use the terms
“static” and “dynamic” to distinguish methods that probe the
motions of scatterers. NIRS is a “static” method; it primarily
measures the relatively slow variations in tissue absorption and
scattering. The most common applications of NIRS focus on
the measurement of oxy- and deoxy-hemoglobin concentration.
These concentrations are then utilized to derive microvascular

total hemoglobin (THC) concentration and blood oxygen satu-

ration. Very fast NIRS methods (Fantini et al. 1999, Wolf et al.
2003) have been employed to measure rapid (~100 Hz) changes in
tissue scattering, but we nevertheless still refer to these methods
as “static,” since they probe changes in the “amount of scattering”
rather than scatterer motion. “Dynamic” methods, on the other
hand, directly measure the motions of scatterers (Tanaka et al.
1974, Stern 1975, Feke and Riva 1978, Maret and Wolf 1987, Pine et
al. 1988, Stephen 1988, Tong et al. 1988, Boas et al. 1995, Boas and
Yodh 1997). In the case of tissues, the critical moving scatterers
are red blood cells (RBCs). The dynamic or correlation methods
achieve this goal, typically using coherent sources and monitor-
ing temporal statistics (or frequency-domain analogs of temporal
statistics) of the speckle fluctuations of the scattered light. In most
of these dynamic experiments, the electric field temporal auto-
correlation function or its Fourier transform is measured. The
detected signal is related to the motion of the RBCs, and BF can
be derived using a model for photon propagation through tissues.

A well-known and notable methodology for measuring BF
is “laser Doppler flowmetry” (Bonner and Nossal 1981). In this
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case, pairs of very closely separated (<1 mm) sources and detec-
tors are used to detect single-scattered light from tissue sam-
ples. In laser Doppler flowmetry, the frequency-broadening or
frequency-shift of the detected speckle fluctuations are fit to a
model within the single-scattering approximation. The single-
scattering approximation simplifies the experimental analysis,
but it also limits the reliability and amount of information that

can be extracted from real tissue samples. A related technique .
is “laser speckle flowmetry” or “laser speckle contrast analysis” °

(LASCA) (Briers 2001). LASCA utilizes the spatial blurring of
speckles during a CCD exposure time to obtain large-field-of-

- yiew images of tissue motions in a single shot. Both methods are

mostly limited to superficial tissues (~1 mm), although recently
laser Doppler flowmetry with larger source-detector separations
was utilized to extend its reach to ~1 cm (Binzoni et al. 2004).
Studies of deep tissues required the development of multiple-
scattering models of photon propagation. Various extensions of
photon correlation spectroscopy from single- to highly scatter-
ing systems were made in the 1980s (Bonner and Nossal 1981,
Valkov and Romanov 1986, Bonner et al. 1987, Maret and Wolf
1987, Pine et al. 1988). The technique-dubbed DWS was devel-
oped to study optically dense complex fluids that multiply scat-
tered light. DWS was a brilliant insight that had transformative
effects on the soft matter field. From the biomedical optics per-
spective, a key advance was the development of an understand-
ing of the analogy between correlation transport (Ackerson
et al. 1992) and photon transport (in the early-mid 1990s). A
theory based on the diffusion equation for temporal correlation
transport was first introduced by Boas and coworkers (Boas et

" al. 1995, Boas and Yodh 1997); they called the technique DCS

in order to avoid confusion with terminology associated with
diffuse absorption spectroscopy. Applications in biological- tis-
sues ensued rapidly thereafter because of the connection thus
established between traditional diffuse optics (NIRS) and the
diffuse models for transport of electric field temporal autocorre-
lation functions through turbid media. The DCS technique was
thus built on a rigorous mathematical description, which clearly
showed how motional fluctuations were impressed upon the
temporal correlations of diffuse light fields propagating in tis-
sue. One advantage of the correlation diffusion equation theory

over previous theories was the ease with which predictions could -

be made for turbid media with spatially varying dynamics and
optical properties using numerical and analytic tools similar to
those of NIRS (see for example, Boas et al. 1995, Boas and Yodh
1997, and Heckmeier et al. 1997).

Instrumentation and application of DCS for in vivo measure-
ments quickly followed this early research (Gisler et al. 1995, 1997,
Cheung et al. 2001, Culver et al. 2003a, Durduran et al. 2004b,
2009b, 2005, Li et al. 2005, 2008, Yu et al. 2005a,b, 2006, 2007,
Zhou et al. 2006, 2007, 2009, Dietsche et al. 2007, Sunar et al.
2007, Gagnon et al. 2008, 2009, Buckley et al. 2009, Varma et al.
2009, Kim etal. 2010, Roche-Labarbe et al. 2010, Shang et al. 2010,
Mesquita et al. 2010, Zirak et al. 2010, Cairp et al. 2010, Belau et al.
2010). We next describe the theoretical basis of DCS.

10.3 Fundamentals of Diffuse
Correlation Spectroscopy

DCS is an extension of single-scattering dynamic light scat-
tering (DLS) (Berne and Pecora 1990, Chu 1991, Brown 1993)
(or quasi-elastic light scattering, QELS) to the multiple scatter-
ing limit. DLS has been widely used to study particle suspen-
sion properties such as particle size and shape. However, DLS
is only applicable to optically thin samiples. DCS is a multiple-
scattering technique that extends the methodology of DLS to the
study of optically thick samples. In this section, we start with a

description of single-scattering theory, and then we extend the -

discussion to the multiple scattering regime. Detailed reviews
of the theoretical development for DCS can also be found in the
references (Boas et al. 1995, Boas 1996, Boas and Yodh 1997,
Durduran 2004, 2010b, Zhou 2007).

10.3.1 Single Scattering

In a single-scattering laboratory sample, photons are usually
scattered once (or not at all) before they leave the sample (see
Figure 10.1a). A pointlike photon detector is placed at an angle 6
relative to the input beam propagation direction. If the scatterers
are particle-like objects that move, then the total electric field
will vary in time, and intensity fluctuations are observed. The
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FIGURE10.1 (a) [llustration schematic of a single-scattering dynamic
light-scattering experiment. (b) Schematic of multiple-scattering setup
showing a typical photon path through the turbid media. k;and k;, , are
the wave vectors associated with the photon (or electric field) before and
after the jth scattering event, respectively. q;=k;, , —k; is the scattering
wave vector or momentum transfer, and 6, is the scattering angle of the
jth scattering event. The solid line indicates the photon path at time ¢,
while the dotted line represents the photon path at time t+7. During
the delay time 7, the jth scatterer is displaced by Ar,(t). Also indicated is
the source-detector separation on the sample surface, p, and the direc-
tion z is defined normal to the sample surface. (From Zhou, C., In-vivo
optical imaging and spectroscopy of cerebral hemodynamics, PhD dis-
sertation, University of Pennsylvania, Philadelphia, PA, 2007.)



198

fluctuations of the electric field and intensity carry information

_about the dynamic properties of the medium, i.e., the motion of
the particles. The normalized temporal autocorrelation function’
of the scattered electric field (E(¥)) is

M___ jot ‘%42<Ar2(1)>‘

(B0~ () (10.1)

g1(1)=

Here, 7T is the autocorrelation delay time, @ is the angular fre-
quency of the input light field, g°> =2kj(1—cos) is the square
of the scattering wavevector, k,=2mn/A is the wavevector mag-
nitude of the incident light field, » is the index of refraction of
the medium, A is the wavelength of the light field, and (Ar?(1)) is
the mean square displacement of the scatterers in the medium,
which directly characterizes the particle movement. In most
experiments, the normalized temporal intensity autocorrelation
function, g,(7)={OIE+1))/I@)? is calculated from the inten-
sity fluctuations of the scattered light. g,(7) is related to the tem-
poral field autocorrelation function, gy(t), through the Siegert
relationship (Rice 1954):

g0 =1+B|g ), (102)

where B depends on the detection optics and is inversely pro-
portional to the number of detected speckles or modes. The §
" value can be determined experimentally for each measurement
from the intercept of the intensity autocorrelation function as
the delay time 7 approaches zero.

10.3.2 Multiple Scattering Limit (DWS)

Multiple scattering effects must be included in applications
involving most biological tissues. In this case, each scattering
event from a moving scatterer contributes to the accumula-
tion of the phase shift and therefore the decay of the correla-
tion function. If we assume that the field from individual photon
paths (see Figure 10.1b) is uncorrelated, the total temporal field
autocorrelation function can be expressed as the weighted sum
of the field autocorrelation function from each photon path.
Furthermore, if we assume a homogeneous medium and further
assume that each scattering event is independent and that the
scatterer displacements are uncorrelated, the field autocorrela-
tion function from a single path can be written as

--;ukozY(Ar2 (1:)>

& (Donepan = €€ , (10.3)

where Y=N-(1—(cos 8)y) and (cos 8)y are the average value of
cosine over all the N scattering events along the path. When N is
large, the average value approaches the ensemble average, {cos 6),
which is usually denoted by the so-called anisotropy factor (g) of
the medium. The reduced photon-scattering length or random-
walk step length, I'=1/u{, where y; is the reduced scattering
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coefficient of the medium. The photon-scattering length, [ =1/
W, where W is the scattering coefficient of the medium. Thus,
M S S

Tl ou(-g) 1——<c056>
sents the total pathlength associated with a particular photon
path. Then, the number of scattering events associated with this
same path is N=¢/l, and Y =s/I¥ equals the total number of
photon random-walk steps associated with the photon path.

The final detected field autocorrelation function contains the
contributions of all photon paths. If we use P(Y) to represent
the probability distribution for photon paths with a number of
random walk steps, Y, then the total electric field autocorrela-
tion function can be computed by incoherently integrating the
contributions from each photon path (Maret and Wolf 1987,

(Wolf et al. 1988). Let s repre-

" Middleton and Fisher 1991), i.e.,

Lgr(art )

a()= efij(Y) e dy. (104

In a highly scattering medium, Equation 10.4 can be equivalently
expressed as an integral over all possible pathlengths using the
pathlength distribution (Maret and Wolf 1987, Pine et al. 1988,
MacKintesh and John 1989), P(s), i.e.,

—-’—ké (Arz(‘c)>

a()= eimTfP(;) e % ds. (10.5)

Equation 10.5 is the primary result from DWS for a homogeneous
turbid scattering medium composed of moving particle-like scat-
terers. Note, the DWS correlation function is typically measured at
some points inside the sample or on its surface, and P(s) depends

implicitly on both measurement location and source position. The
distribution of P(Y) can be readily obtained from Monte Carlo’

simulation (Zhou 2007). Alternatively, derivation of P(s) can be
achieved experimentally, e.g., from a time-resolved spectroscopy
measurement (Jacques 1989, Patterson et al. 1989, Yodh et al. 1990,
Benaron and Stgvenson 1993). Analytical solutions. for P(s) can
also be obtained for simple geometries, such as infinite, semi-
infinite, and slab, by solving the photon diffusion equation with

appropriate boundary conditions (see Chapter 16).

10.3.3 Correlation Diffusion Equation (DCS)

Later, Boas et al. (Boas et al. 1995, Boas 1996, Boas and Yodh
1997) derived a correlation diffusion equation from correla-
tion transport theory (Ackerson and Pusey 1988, Ackerson et
al. 1992). The correlation diffusion equation aptly described the
propagation of the unnormalized electric field temporal auto-
correlation function in turbid media. This differential equation
approach is particularly attractive for investigation of heteroge-
neous media (Boas et al. 1995, Boas and Yodh 1997, Heckmeier
et al. 1997) and provides a natural framework for tomographic

-
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reconstruction of tissue dynamics (Boas and Yodh 1997, Culver
et al. 2003a, Zhou et al. 2006). Rather than reproduce the earlier
" derivations, here, we simply remind the reader about the diffu-
sion equation for photon fluence rate, and then we write out the
analogous result for photon-electric field correlation. The rigor-
ous step-by-step derivation of the correlation diffusion equation
can be found elsewhere (Boas et al. 1995, Boas 1996, Boas and
Yodh 1997). ' -

The well-known photon diffusion equation; which describes
the photon propagation in tissue, is indicated below. In highly
scattering media, such as tissue, the photon fluence rate, ®(r,f)
[W-cm2], obeys the time-dependerit diffusion equation:

o0P(r,1)

V- (DVO(r,t) — vt D(x, 1) + vS(x,t) = 3%

(10.6)

where
r is the position vector
t[s] is time '
v [cm-s7] is the speed of light in the medium

W, [cm™] is the medium absorption coefficient, and D =~ v/3p;
is the photon diffusion coefficient in the medium, where i
[cm™] is the reduced scattering coefficient of the medium. S(r,)
[Watt-cm™] is the isotropic source term. ’

It turns out that under essentially the same set of approxima-
tions, the unnormalized temporal field autocorrelation function,
Gy(x1) = (B(,1) - E*(r,t + 1)), obeys a formally similar diffusion
equation, i.e.,

V-(DVGi (£, 1)~ (e + Evitlks (AP (0))Gie, )

= 15" 8°(r — r.). 10.7)

Here, the source term is continuous wave (CW), and scatterer
movement (i.e., (Ar*(1))) combines with photon absorption to
give an effective “absorption” term for the attenuation of unnor-
malized electric field temporal autocorrelation function as it
travels through the medium. The formal similarity of Equations
10.6 and 10.7 suggests that their solutions will also be formally
similar. In semi-infinite homogeneous media (see Figure 10.2),
for example, the solution to Equation 10.7 can be obtained as
(Boas 1996)

Glp,1)=

. vsoeim (e—K('c)n e—K(r)rz
. 10.8
4nD k n 1 (10-8)

Here, p is the distance between the source and detector fiber,
2 1+Res

n=api 4z, n=Np H(z+22,), 2o =1/ 2, =————,
\/ 012 \/ 0 » T3 1-Rg

R =—1.44n"+0.71n"' +0.668+0.064n, is the effective reflec-

tion coefficient determined by the ratio of the refraction indices
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FIGURE 10.2 Illustration of the semi-infinite geometry. The colli-
mated source is usually approximated as an isotropic source located
at z =z, =1/li; into the medium. The boundary condition requirement
leads to a signal size of zero (i.e., for fluence rate in the case of a NIR dif-
fuse reflectance measurement or for the temporal autocorrelation func-
2 1+Re

. 3 1= Ry
which is generally called the extrapolated zero-boundary condition
(Haskell et-al. 1994). For the semi-infinite homogeneous geometry; the
extrapolated zero boundary condition can be satisfied by considering a

tion in the case of the DCS measurement) at z=~z; =—

‘negative isotropic imaging source located at z=—(z,+2z,). (From Zhou,

C., In-vivo optical imaging and spectroscopy of cerebral hemodynam-
ics, PhD dissertation, University of Pennsylvania, Philadelphia, PA,
2007)

inside and outside the medium (n=n,,/n ,, see Figure 10.2), and
K0 =3, + 1k (A (D).

One other modification of the correlation diffusion equation
is required for biological tissues. Generally, biological tissues
contain static (or very slow moving) scatterers (e.g., organelles

‘and mitochondria) and moving scatterers (e.g., RBCs). The scat-

tering events from the static objects in tissue do not contrib-
ute significantly to the phase shift and correlation function
temporal decay in Equation 10.7. To account for this effect, we
introduce a unitless factor, o, which represents the fraction of
light-scattering events from “moving” scatterers. Formally, the
factor o is included as a prefix to the effective “absorption” term
in Equation 10.7 (i.e., %vu@kéoc <Ar2(‘s)>), and so itarises aswell as
in the definition of K2(t) (e.g., K*(T) = 3u,} + u§2k§a<Ar2(r)>).
We thus see that the decay of the temporal field correlation
function depends on tissue optical properties, [1,, li;, the mean-
square-displacement of the moving scatterers, (Ar?(1)), and the
factor o, which accounts for the presence of static scatterers.
For the case of random ballistic flow, (Ar?(1)) = V212, where V2
is the second moment of the cell velocity distribution. For the
case of diffusive-motion, (Ar?(1))=6D,1, where D, is the effec-
tive Brownian diffusion coefficient of the tissue scatterers and
is distinct from the well-known thermal Brownian diffusion .
coefficient due originally to Einstein (1905). RBCs pass through
capillaries in single file and experience shear flow in larger ves-
sels; the RBCs also experience tumbling motions in addition to
translation. Intuitively, the random ballistic flow model might
be considered the best model with which to fit DCS data. In
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FIGURE 10.3 DCS data (i.e., the normalized electric field autocorrelation function) from a rat tumor, piglet brain, human calf muscle, and adult
human brain. The source-detector separations are also indicated on each plot. Dots are experimental data. The dashed line is a fit with (Ar?) ~ 72
{(random flow), and the solid line is a fit with (Ar*) ~ T (Brownian motion). Note, the fitting accuracy depends on the delay time (1); at the longer
delay times, the data tend to deviate further from the fits in the measurements. This effect arises mainly because later delay times in the autocor-
relation function are due to the photons that probe the more superficial tissues; the presence of the skull and or the skin, with its relatively minimal
vasculature, therefore alters the long-delay time portion of the autocorrelation functions. (From Zhou, C., In-vivo optical i imaging and spectros-
copy of cerebral hemodynamlcs, PhD dissertation, University of Pennsylvania, Philadelphia, PA, 2007.)

practice, however, we have observed that the diffusion model,
ie., (Ar¥(1))=6D,1, fits the autocorrelation curves rather well
over a broad range of tissue types (see Figure 10.3), ranging from
rat brain (Cheung et al. 2001, Zhou et al. 2006) and mouse tumor
‘(Menon et al. 2003, Yu et al. 2005b), to piglet brain (Zhou et al.
2009), adult human skeletal muscle (Yu et al. 2005a, Shang et al.
2009), adult human tumors (Sunar et al. 2006, Zhou et al. 2007),
premature brain (Buckley et al. 2009, Roche-Labarbe et al. 2010),
and adult brain (Durduran et al. 2004b, Li et al. 2005, 2008,
Durduran et al. 2009b). The D, value obtained from such experi-
ments is generally several orders of magnitude larger than the
thermal (i.e., Einstein) Brownian diffusion coefficient of RBCs
in plasma. The reason for the Brownian-motion-like correlation
curves is still not apparent and more investigation is needed to

sort through these issues. Nevertheless, an empirical approach
~ has been adopted by researchers in biomedical optics applying
DCS for the measurement of tissue BF.

Although the unit of oD, (cm?/s) is different from the tradi-
tional blood perfusion unit [mL/min/100g]}, changesin thisflow-
index (aDy) have been found to correlate quite well with other -

BF measurement modalities (see Section 10.5). Therefore, oD, is
used as the BF index (BFI=0oD,) and relative BF, rBF = BF1/BFI,
where BFI, is the measurement at the baseline, is used to indicate
relative BF changes for DCS throughouf this chapter.

10.4 DCS Technology

In this section, we briefly review the system design and imple-
mentation of DCS technology. Detailed descriptions of spec1ﬁc
systems can be found in the references.

10.4.1 DCS System

Figure 10.4a shows the diagram of a typical DCS system. A long
coherence length laser is required as the light source for DCS.
Output from the laser can be delivered to the tissue through a

‘multimode source fiber. Single-mode (or few-mode) fibers should

be used to collect photons from a single (or a few) speckle(s). Fast
photon-counting avalanche photodiodes (APDs) (typically from
Perkin Elmer, CA) are generally used as detectors. A multi-tau
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FIGURE 10.4 (a) Schematic diagram of a typical DCS system. (b) A photograph of the eight-channel DCS system. (¢) Photograph of a hybrid
diffuse optical system consisting of a DCS flow oximeter and a frequency-domain tissue oximeter (From Imagent, ISS Inc.).

correlator board (Correlator.com, NJ) takes the TTL output
from the APDs and calculates normalized temporal intensity
autocorrelation functions of the detected signal. Since the cor-
relator board is at the heart of the DCS measurements, we will
briefly describe its structure and the algorithm used for calculat-
ing the correlation curves.

The correlator board utilizes a “multi-tau” scheme for the cal-
culation of the autocorrelation functions. Figure 10.4a shows the
structure of a typical multi-tau correlator design. In this case,
the first 32 registers (the first tier) of the correlator have a bin
width Ty=160ns. After that, the bin width doubles every 16 reg-
isters. For example, registers 33-48 (the second tier) have a bin
width T'=320ns, and registers 49-64 (the third tier) have a bin
width T=640ns. When a measurement starts, a digital coun-
ter reports the number of TTL pulses (photon counts) detected
within each binning time (160ns) of the first register. The value
in each register is passed to its right as a new value is coming in
from the left. Note that a register with a bin width T=160ns is
updated every 160 ns, while the register with a 320 ns bin width

updates every 320mns, etc. The temporal intensity autocorrela-
tion functions are calculated before each shift. For example, the
unnormalized intensity autocorrelation coeflicient for the ith
register, G,(1), is calculated as

Gy(T) =(n; 1o ). (10.9)

Here :

n; indicates the photon count in the ith register

1, is the photon count at zero delay time (t=0) with the same
bin width as the ith register ‘

T, is the delay time between #, and n,

The autocorrelation function is continuously averaged over the
entire acquisition time f. Note that , is the photon count in the
first register when #, is in the first tier, while n, is the summa-
tion of the photon count in the first four registers when 7, is in
the third tier (T/T,=4), etc. The delay time 7, is calculated as the
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summation of all the bin widths on the left of the ith register.
Using the multi-tau scheme, a delay time span of many orders
of magnitude (i.e,, from hundred of nanoseconds to minutes)
can be achieved with only a few hundred register channels, and

the computation load is greatly reduced compared to a linear

autocorrelator.

The DCS technologies have been implemented in tissues by
several research groups (Cheung et al. 2001, Culver et al. 2003a,
Durduran et al. 2004b, 2005, Li et al. 2005, Yu et al. 2005a,b,
Roche-Labarbe et al. 2010, Shang et al. 2009), yielding BF infor-
mation in animal models and in human subjects/patients. To
fully utilize the BF information provided by DCS, hybrid sys-
tems combining DCS and NIRS have been demonstrated to
provide more comprehensive information for the calculation of
tissue BF, blood oxygenation, and oxygenation metabolism (see
an example in Figure 10.4c) (Cheung et al. 2001, Culver et al.
2003a, Durduran 2004, Yu et al. 2005a, Roche-Labarbe et al.
2010). In addition, due to the recent development of novel solid-
state laser technologies, the DCS system can be made very com-
pact (Zhou et al. 2007, Shang et al. 2009). Figure 10.4b shows
an eight-channel DCS instrument, which only measures 18 cm x
28cm x 33 cm. Very recently, Shang et al. (2009) demonstrated
a dua] wavelength DCS flow oximeter, which permits tissue BF
and oxygenation to be measured simultaneously by a single
compact system (bottom of Figure 10.4c). The device is truly
portable and is suitable for bedside and en route monitoring of
tissue hemodynamics.

10.4.2 Fiber-Optic Probes

In an analogous fashion to NIRS, DCS also enables use of a large
variety of probes. The most basic probe employs one or more
source-fibers (multimode) and one or more detector fibers (sin-
gle- or few-mode). A key point in DCS is the use of single- or few-
mode fibers, which limit the detector fiber diameter to tens of
micrometers. We have shown in the past (Zhou et al. 2006) that
enlarging the fiber diameter to cover multiple speckles increases
the signal intensity but also increasés the noise in a proportional
fashion, and therefore the signal-to-noise ratio is not necessarily
improved. In our laboratories, we routinely employ single-mode

Handbook of Biomedical Optics

fibers to detect light from a single speckle, and we often bundle
2-8 fibers nearby and detect the collected photons with individ-
ual, independent detectors (see Figure 10.4a).

In Figure 10.5, we show three example probes. The first probe
(see.Figure 10.5a) is a typical probe used in brain and muscle
studies on humans (Durduran et al. 2004b, Yu et al. 2005a).
Straight, 90 degree bent or side-firing fibers are utilized. This
probe can readily be made MRI compatible (Yu et al. 2005a,
Durduran et al. 2010a). The second probe (see Figure 10.5b) is
a typical “noncontact” probe, where an array of source-detector
fibers is placed together at the focal plane of a “camera.” In many -
experiments, we utilize an old SLR camera; this camera holds
a 1:] imaging lens array and provides a light tight box. In this
arrangement, cross-polarizers are often utilized between source
and detector fibers to reduce the detrimental effects of surface
reflections and single-scattered light. This approach improves
the “B” value (see Section 10.3) and while we lose photons, we
gain in reduced noise (Zhou et al. 2006). Finally, the third type
of probe (see Figure 10.5¢) shows a surgical device, wherein
side-firing fibers were embedded in a catheter, which could be
inserted into tissues {Yu et al. 2006) or sutured onto the tissue
surface. Practically all ideas from experiences in NIRS can be
adapted for DCS use, and the instruments are hybridized by
adding extra source and/or detector fibers.

Here, we also highlight a probe utilized by Gisler and cowork-
ers that employ up to 32 few-mode fibers to detect light from
multiple speckles simultaneously (Dietsche et al..2007). Their
goal was to maximize the number of detected photons per fiber
by utilizing few-mode fibers, which collect data from several
speckles and also at the same time acquire many correlation
functions in parallel. With this approach, they have reduced
the integration time down to 6.5ms and are able to resolve
changes in BF due to arterial pulsation in an analogous fashion
to pulse-oximetry. Figure 10.6a and b shows the arrangement -
of the fibers and collection tip (Dietsche et al. 2007). As shown
in Figure 10.6c, they were able to obtain the pulsation dynam- .

‘ics (inset) and some initial insights into the dependence of the

shape of the field autocorrelation functions on the pulsatility of
the vasculature. This experimental approach may turn out to be
useful for improving our understanding of the physical basis of

Array of
source, detecor
fibers Side-firing
source,
LI 1:1 Imaging detector
= lens array fibers

Detector fiber(s)
Source fiber(s) - '

(a) Contact probe

(b) Non-contact probe

(c) Catheter based probe

FIGURE 10.5 Three schematic examples of DCS tissue probes: (a) contact probe, (b) noncontact probe, and (¢) side-illumination catheter-based

probe.
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FIGURE 10.6 (a) Side and top views of the multifiber receiver head, (b) receiver head with attached collection optics, and (c) the electric field
autocorrelation function$ < gﬁl) (1)>N averaged over N fibers as a function of lag time 7 at the diastolic maxima (1) and systolic minima (2) of mean
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cycle. For easier comparison with the diastolic data, the systolic field autocorrelation function was shifted in time (4). Note that the shape of the
curves are slightly different in a complex manner, possibly indicating different amounts of photon penetration at maxima and minima, differ-
ing optical properties and subtle changes in physiology. This is an indication that with further improved understanding of the physical basis of
these curves, more information about the underlying physiology may be accessible. (From Dietsche, G. et al.,, Appl. Opt., 46, 8506, 2007. With

permission.)

the detailed shapes of the measured autocorrelation functions.
Furthermore, this unique probe may become more popular in
the future with increased parallelization of DCS detection and
corresponding autocorrelator electronics.

10.5 Validation Work

The biomedical application of DCS for deep tissue measure-
ments of BF is a relatively néw development. Therefore, a sub-
stantial amount of technique validation work has been carried
out, and, arguably, more work is needed to establish its medical
uses. This validation research is needed even though the basis
of DCS is DWS, a method that has been widely utilized in con-
densed matter research (Maret 1997). However, DCS application
to in vivo measurement of deep tissue BF was (and continues to
be) novel and demanded careful examination in this context.
During the last decade, DCS measurements of BF variation
in various tissues/organs have been compared to other stan-
dards, including power Doppler ultrasound in murine tumors
(Menon et al. 2003, Yu et al. 2005b), laser Doppler in rat brain
(Durduran 2004), xenon-CT in traumatic brain (Kim et al.

2010), Doppler ultrasound in premature infant brain (Buckley

et al. 2009, Roche-Labarbe et al. 2010), fluorescent microsphere
measurement of cerebral BF in piglet brain (Durduran et al.
2008, Zhou et al. 2009), ASL-MRI in human brain and muscle
(Durduran et al. 2004b, Yu et al. 2007), and to reports in the
literature (Cheung et al. 2001, Culver et al. 2003a, ¢, Durduran
2004, Durduran et al. 2005, Dietsche et al. 2007, Li-et al. 2008).
This validation research has progressed hand-in-hand with

numerical, theoretical studies (Boas et al. 1995, Durduran 2004,

Jaillon et al. 2006, Zhou et al. 2006, Zhou 2007, Gagnon et al.
2008, Varma et al. 2009), and with studies of tissue simulating
phantoms (Boas et al. 2002, Cheung et al. 2003, Durduran 2004,
Zhou 2007), wherein the medium’s viscosity and/or the flow

speed of scatterers were varied (Boas 1996, Cheung et al. 2001, -

Durduran 2004). Overall, these validation studies have shown
that DCS measurements of BF variations are in good agreement
with theoretical expectation, computer simulation, and other

biomedical measurement techniques. Some of these validation

studies are described below.

10.5.1 DCS versus Doppler Ultrasound
' in Premature Infant Brain

Two recent papers (Buckiey et al. 2009, Roche-Labarbe et al.

2010) have utilized DCS in prematurely born infants and have .

compared DCS microvascular BF findings to transcranial
Doppler ultrasound measurements of large artery BF velocity.
In work by Buckley et al. (2009), the authors monitored very
low birth weight, very premature infants during a 12° postural
elevation. DCS was used to measure microvascular cerebral
BF (CBF) and transcranial Doppler ultrasound (TCD) to mea-
sure macrovascular BF velocity in the middle cerebral artery
(Buckley et al. 2009, Roche-Labarbe et al. 2010). Population-
averaged DCS and TCD data yielded no significant hemody-
namic response to this postural change (p>0.05), indicating
overall agreement between the two modalities in response to
this mild challenge. More interestingly, absolute DCS data
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(aD,) correlated significantly with peak systolic, end diastolic,
and mean velocities measured by TCD (p=0.036, 0.036, and
0.047). Roche-Labarbe et al. (2010) have also reported a similar
finding (p =0.04) comparing absolute DCS data to mean veloci-
ties measured by TCD. Overall, these two studies demonstrate
that DCS has a strong potential for use in premature infants and
agrees well with the established TCD measures, despite the fact
that the two techniques measure related but different quantities
(i.e., microvascular local CBF vs. large artery, global CBF veloc-
ity). The studies also suggest that with further understanding of
the physical basis of the photon-RBC interactions at the micro-
scopic level, and/or with improved calibration, DCS could be
used to measure absolute CBF.

10.5.2 DCS versus ASL-MRI in Human Muscle

The DCS BF measurement was also validated against flow mea-
surements by arterial-spin-labeled perfusion MRI (ASL-MRI)
using human calf-muscle and brain (Durduran 2004, Durduran
et al. 2004b, 2007, 2009a, Yu et al. 2007). For example, a contact
optical probe (see Figure 10.5a) was placed on the calf-muscles of
seven healthy subjects for concurrent measurements with ASL-

MRI (Yu et al. 2007). The calf (with the optical probe) was then .

placed into the MRI knee coil (see Figure 10.7a). The optical probe
in the MRI room was connected to the DCS instrument in the
control room by long optical fibers through a port in a magnetic-
field-shielded wall. After a period of baseline, alarge leg cuff on the
thigh was inflated rapidly to occlude BF to the lower leg for 5min.
The BF indices measured by DCS were compared to the abso-
lute ASL-MRI flow around the peak of the hyperemia after cuff
release (note: one limitation of this measurement was the reliabil-
ity (actually, lack thereof) of ASL-MRI at low-baseline flow levels
(<10mL/100g/min [Petersen et al. 2006]), which, in turn, pre-
vented accurate calculations of relative flow changes from MRIL
A good correlation (R?*>0.6) was observed with both the relative
(see Figure 10,7b) and absolute (see Figure 10.7¢) flow indices from
DCS and absolute ASL-MRI flow. These observations suggest that
with further systematic calibration along with improved model-
ing, it may be feasible to estimate absolute BF values.
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10.6 In Vivo Applications of DCS

As mentioned above, the utility of DCS technology for moni-
toring tissue BF has been demonstrated in tumors (Menon
et al. 2003, Wang et al. 2004, Durduran et al. 2005, Yu et al,
2005b, 2006, Sunar et al. 2006), brain (Culver et al. 20033, ¢,
Durduran 2004, Zhou et al. 2006), and skeletal muscles (Yu
et al. 2005a, 2007). The early stages of many of these stud-
ies focused on BF in animal models (e.g., murine tumors (Yu
et al. 2005b), rat and piglet brain (Cheung et al. 2001, Culver
et al. 2003a, Zhou et al. 2006, 2009), and pig limb muscles
(Xing et al. 2007). More recently, the DCS technique has been
a key component in a variety of clinical studies (e.g., human
cancers of prostate, breast and head and neck, cerebral func-

. tional activities, cerebral stroke, traumatic brain injury (TBI),

and skeletal muscle physiology). In these preclinical and clini-
cal investigations, DCS was used for quantification of tissue
hemodynamic status, for diagnosis of disease, and for con-
tinuous monitoring and evaluation of therapeutic effects. The
optical techniques were often validated as part of these mea-
surements, e.g., by comparison to other diagnostic modali-
ties (see Section 10.5). In total, the research demonstrated the
utility of the DCS method and the range of its capabilities.
Selected applications in cancer, brain, and muscle are given
below.

10.6.1 Cancer Therapy Monitoring

DCS has been utilized to monitor tumor contrast in breast
cancer (Durduran et al. 2005, Zhou et al. 2007), to moni-
tor early physiological changes in breast cancer in response
to chemotherapy (Zhou et al. 2007), to monitor the effects of
chemoradiation therapy on head-and-neck cancer (Sunar et al.
2006), to monitor response to photodynamic therapy (PDT) in
prostate cancer (Du et al. 2006, Yu et al. 2006), and to assess -
the efficacy of cancer therapy in murine tumor models (Menon
et al. 2003, Yu et al. 2005b, Song et al. 2007, Sunar et al. 2007,
Busch et al. 2009, Cerniglia et al. 2009). Measurement and
assessment of tissue/tumor hemodymamic changes during
cancer treatment is particularly attractive for cancer therapies
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FIGURE 10.7 (a) Configuration of concurrent optical- MRI measurement. (b) Correlation between peak MRI flow and relative peak DCS flow.
(c) Correlation of peak MRI flow and peak absolute DCS flow-index oD, Error bars were estimated from measurement repeatability. (From Yu, G.

et al, Opt. Express, 15, 1064, 2007. With permission.)
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that require tissue oxygen for treatment efficacy. For example,
PDT requires tissue oxygen because the process creates singlet
oxygen, which, in turn, kills tumor cells, and damages local
vasculature (Yu et al. 2005b). PDT is well known to be less
efficacious in patients with hypoxic tumors (Busch et al. 2000,
Leach et al. 2002). Factors that modulate tissue oxygen include
BF, blood oxygenation, and oxygen metabolism, i.e., factors
that these new measurement tools can probe. Furthermore,
cancer therapy can alter tumor hemodynamic/metabolic sta-
tus, which further impacts treatment outcome. It is thus antic-
ipated that functional assessment of tumor hemodynamic
status during cancer therapy may provide information useful

for early prediction of long-term treatment outcomes, thus -

enabling clinicians to optimize and individualize treatment.
Tumor hemodynamics, however, are not routinely measured
during cancer therapy due, in part, to a paucity of appropriate
technologies.

In this subsection, we first describe a preclinical example
that demonstrates the use of DCS for real-time monitoring of
BF responses to PDT in murine tumors. A strong correlation
between tumor hemodynamic changes during treatment and
long-term treatment efficacy was found in this study, indicative
of the clinical dosimetry potential of DCS for prediction of can-
cer therapy efficacy. A clinical translational study using DCS for
monitoring and evaluation of prostate cancer therapy in humans
is then described.

10.6.1.1 Prediction of Photodynamic
Therapy in Murine Tumors

PDT requires administration of a photosensitizer that local-
izes in tumor tissue and is subsequently activated by exposure
to optical radiation (Dougherty et al. 1998). The photoexcited
photosensitizer initiates a cascade of chemical reactions,
involving highly reactive oxygen intermediates that can cause
necrosis and apoptosis of cells. Many studies suggest that PDT-
mediated vascular damage significantly affects tissue oxygen
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205

supply (BF) and thus contributes to long-term tumor response
to therapy.

Monitoring of tumor hemodynamic responses during PDT,
however, has proven difficult due to interference between mea-
surement and treatment. In this study, a noncontact probe with
source and detector fibers on the back image-plane of a camera
was employed to avoid blocking the treatment light (see Figure
10.82) (Yu et al. 2005b). Source-detector separationsranged from
1 to 4mm, permitting light to penetrate to depths of ~0.5-2mm
below tumor surface. An optical filter mounted in front of the
camera lens attenuated treatment light. DCS and the noncon-
tact probe were employed to monitor the BF of murine tumors
(n=15) during light illumination in Photofrin-mediated PDT.
Measurements were also made at specific time points after treat-
ment (Yu.et al. 2005b). .

Figure 10.8b shows relative changes of tumor BF (rBF) during
PDT. Within minutes of the start of PDT, rBF rapidly increased,
followed by a decline, and subsequent peaks and declines with
variable kinetics. The experiments discovered that the slope
(flow-reduction rate) and duration (interval time, data not
shown) over which rBF decreased following the initial PDT-
induced increase was highly associated with treatment durabil-
ity (see Figure 10.8¢); here, treatment durability was defined as
the time of tumor growth to a volume of 400.mm? (pretreatment
tumor volume was ~100mm?). These findings were consistent
with the hypothesis that treatment efficacy is a function of tumor
oxygenation during PDT; under oxygen-limited conditions (e.g., -
such as might arise with rapidly declining BF), treatment effi-
cacy was abrogated. After PDT, all animals showed decreases in
rBF at 3 and 6h, and'rBE at these time points, was also predic-
tive of tumor response (data not shown) (Yu et al. 2005b).

Thus, these data demonstrate that DCS-measured changes
in tumor rBF during and after Photofrin-PDT are predictive of
treatment efficacy. The data further suggest that in situ BF moni-
toring during therapy may be very useful for real-time adjust-
ment and optimization of PDT in humans. .
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FIGURE 10.8 (a) Photograph of the noncontact DCS preclinical model probe. (b) Representative murine tumor BF responses to PDT. Plot shows

IBE versus time (before, during, and just after PDT). Points with error bars represent the average+ SD. rBF,

nax and rBE . depict the maximum

and minimum, respectively, of the first peak in BF. Notice the substantial fluctuations in relative BF during PDT. Flow-reduction rate is defined
by the slope of the decrease in BF after its initial PDT-induced increase. (c) Correlation between treatment durability/efficacy (i.e., tumor time-
t0-400mm?) and flow-reduction rate (slope). The results indicate that tumor rBF during Photofrin- PDT is predictive of treatment efficacy. (From -

Yu, G. et al.,, Clin. Cancer Res., 11, 3543, 2005b.)
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10.6.1.2 Real-Time In Situ Monitoring
of Human Prostate PDT

Armed with promising results from the murine models above,
Yu et al. (2006) proceeded to adapt the DCS system for use in a
Phase I clinical trial of interstitial human prostate PDT. A thin
side-illumination fiber-optic probe (see Figure 10.9a) containing
source and detector fibers was constructed with multiple source-
detector separations (0.5-1.5cm) (Yu et al. 2006). The fiber-optic
probe was placed inside an 18-gauge catheter that had already
been inserted into the patient’s prostate gland. Five patients with
locally recurrent prostate cancer in the Phase I trial of motexafin
lutetium (MLu)-mediated PDT were measured using DCS and the
side-illumination probe. The prostate was illuminated sequentially
in several quadrants (Q1 - Q4) until the entire gland was treated.
Measured BF variation showed a similar trend in each indi-
vidual. Figure 10.9b and ¢ shows typical responses in BF over
the course of PDT in two prostatic tumors. As was the case for
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murine tumors, a sharp decrease in prostate BF was observed -
[-41£12% (n=5)], suggesting that MLu-mediated PDT has an

antivascular effect. The slope (flow-reduction rate) during PDT

showed large interprostate heterogeneities; 15 %/min in Figure

10.9b versus 10 %/min in Figure 10.9¢c measured from two pros-

tates during PDT. On average (n=5), the flow-reduction rate

from the five subjects was 12 +5 (%/min).

Although, in this case, the study did not attempt to corre-
late clinical outcome with DCS-measured flow response during
PDT, clearly PDT-induced flow responses hold potential for pre-
diction of treatment outcomes in humans, as shown in marine
tumor models. The present study took a step in this direction.

10.6.2 Cerebral Physiology and Disease

Noninvasive CBE measurements provide physiological insight
critical for both preclinical models and in clinical applications.
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FIGURE 10.9 (a) Custom-made template for guidance of placing catheters for prostate PDT. The 732-nm treatment light was administered
through the cylindrical diffusing fibers inside the catheters. Our small side-illumination probe was placed in the center of the prostate before PDT
through one of the catheters. The catheter remained in place throughout PDT. (b) and (c) Tumor BF responses during PDT as a function of time
measured from two prostates. Four quadrants of the prostate (Q1 — Q4) were illumination sequentially until the entire gland was treated. The illu-
mination periods are presented as shaded areas. Flow-reduction rate is defined by the slope of the decrease in BF. (From Yu, G. et al.,, Photocher.
Photobiol., 82,1279, 2006. With permission.)
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DCS was first utilized in rat brain models in a monitoring
_ capacity (Cheung et al. 2001) and for demonstration of 3D DCS
tomography (Culver et al. 2003a,b, Zhou et al. 2006). It has also
been utilized in neonatal piglet models of head trauma, illus-
trating potential for continuous long-term “bedside” monitor-
ing (Zhou et al. 2009). In 2004, its use in human brain (through
intact skull) was first demonstrated (Durduran 2004), and
subsequently, the techniques have been applied for functional

studies of CBF in healthy adults (Durduran etal. 2004b, Lietal. -

2005, 2008). Noteworthy comparative studies demonstrated
that hemodynamic responses to external functional stimuli of
the sensorimotor cortex were in line with ASL-MRI and fMRI
studies. In the clinical settings, DCS use has been reported in
premature infants (Buckley et al. 2009, Roche-Labarbe et al.
2010), in neonates with congenital heart defects (Durduran
et al. 2010a), in adultg with acute ischemic stroke (Durduran
et al. 2009b), and in TBI patients (Kim et al. 2010). In this sub-
section, we describe several preclinical and clinical examples of
the use of DCS for CBF measurement. '

10.6.2.1 3D rCBF Tomography of Cortical
Spreading Depression in Rat Brain

Zhou et al. (2006) demonstrated the feasibility of in vivo 3D

tomographic reconstruction of relative cerebral blood flow

(rCBF) using DCS to probe a rat brain cortical spreading
depression (CSD) model (see Figure 10.10a). CSD is a wave of
excitation and depolarization of neuronal cells that spreads
radially with a speed of 2-5mm/min over the cerebral cortex

" (Leao 1944). CSD is accompanied by robust and localized (on
the cortex) BF changes (Nielsen 2000, Ayata 2004). Thus, CSD
is a good model for testing the feasibility of 3D diffuse optical
tomography of BE. '

Figure 10.10b shows reconstructed rCBF images localized
at the cortex layer of the rat brain (~1 mm deep) during CSD.
In this case, CSD was induced by placing a 1-mm? filter paper
soaked in 2mol/L potassium chloride (KCl) onto the dura.
Images ((a), from left to right, from top to bottom) are shown
roughly every 20s from immediately before KCl was applied
(t = 265) until the end of the second CSD peak. Notice that a

“strong increase in BF appears from the top of the image and
proceeds to the bottom of the image. After the first peak, a sus-
tained decrease in BF is observed (~3min), which covers most
of the image area. Three regions of interest (ROI) were selected,
and rCBF changes therein are plotted in Figure 10.10b. The
propagation of the CSD waves can be clearly identified from
the delay between each curve. Figure 10.10c shows the depen-
dence of maximal rCBF changes on depth using the data from
the second ROI-2 in Figure 10.10a. The maximal change occurs
at I mm (i.e., just below the skull), corresponding to the cortex
surface. The peak spreads ~0.5mm above and below the cor-
tical surface as expected from the “resolution” broadening of
-the diffuse photons. No significant change is observed at the
surface (z=0mm) nor in the deep region (z=3 mm). Clearly,
three-dimensional tomographic in vivo relative BF information
is revealed. A movie demonstrating rCBF changes at different
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brain layers during CSD accompanies the original publication
in Optics Express (Zhou et al. 2006).

10.6.2.2 Cerebral Cortical Blood Flow
Responses to Functional Activity

The first reported use of DCS in human brain probed local
CBF with DCS in motor cortex during sensorimotor stimuli
(Durduran et al. 2004b). Durduran et al. (2004b) and later Gisler
and coworkers (Li et al. 2005) reported measurements of cor-
tical BF to finger-tapping stimulation. Importantly, Durduran
et al. employed a hybrid optical instrument that combined DCS
with NIRS to measure CBF as well as the concentrations of oxy-
genated hemoglobin (HbO,), deoxygenated hemoglobin (Hb),
and THC. They then combined this information in a model
for cerebral metabolic rate of oxygen consumption (CMRO,)
to derive the variations of CMRO, during sensorimotor activa-
tion by an all-optical method. CMRO,, in particular, is of great
interest to the neuroscientists. The population-averaged results
exhibited a robust change, which correlated with the activation.
Mean changes observed were 39+10% for rCBF, 12.5+2.8uM
for HbO,, -3.8+0.8uM for Hb, 8.3+2.3uM for THC, and
10.1% +4.4% for rCMRO,. The CBF changes measured were well
within the literature values (Roland et al. 1980, Colebatch et al.
1991, Seitz and Roland 1992, Ye et al. 1999, Kastrup et al. 2002).
NIRS results were harder to cross-validate, since similar data are

.not available from other modalities. However, the NIRS results

were in qualitative agreement with BOLD-fMRI (Kastrup et al.
2002, Mehagnoul-Schipper et al. 2002). Most interestingly, the
increase in CMRO, is also within the range. of values from
hybrid MRI measurements (Hoge et al. 1999, Kastrup et al.
2002). Similar results have been recently reported in visual stim-
uli as well (Li et al. 2008).

10.6.2.3 CMRO, Estimates by NIRS-Only and
NIRS-DCS in Premature Infants

In Section 10.5.1, experiments by Roche-Labarbe et al. (2010)
were described; these measurements utilized DCS in prema-
ture born infants and validated its use against TCD (ultra-
sound) measurements. In the same report, the authors also
demonstrate that the combination of NIRS and DCS to derive
CMRO, could be more robust than NIRS-only models that they
had utilized previously. They obtained measurements at mul-
tiple positions on the head and on a weekly basis for the first 6
weeks of life as shown in Figure 10.11. Interestingly, the THC
concentration and the blood oxygen-saturation decrease as the
premature born infant matures over time. This is in contrast
to increasing CBF measured by DCS. If THC concentration is
converted to cerebral blood volume (CBV) utilizing a simple
model, there is no trend in CBV over time. Furthermore, if
CBV is then utilized to derive CMRO, as is done in NIRS-only
approaches, then both CBV and CMRO, appear unaltered over
time. On the other hand, if CMRO, is derived using NIRS-DCS
hybrid data, a linear increase with time is observed. This is in
qualitative agreement with physiological expectations, which

~ dictate that blood oxygen-saturation should decrease while
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FIGURE 10.10 (See color insert.) CSD in rat brain. (a) A rat was fixed on a stereotaxic frame with the scalp retracted and the skull intact.
CSD was induced by placing KCl solution on the rat brain through a small hole drilled through the skull. Periodic activations and deactiva-
tions of the neurons then spread out radially on the cortex. (b) rCBF changes on the cortex of the rat brain (~1 mm deep) as a function of time
during CSD. rCBF images from the cortex (from left to right, from top to bottom) are shown roughly every 205 starting immediately before
KCl was applied until the end of the second CSD peak. A strong increase in BF appears from the top and proceeds to the bottom of the image.
After the peak, there is a sustained decrease in BF, which covers most of the image area. The amount of rCBF changes is reflected in the image
as a spectrum of color, with deep blue indicates a decrease in rCBF and dark red indicates an increase in rCBF. (c) Temporal rCBF curves from
three ROI indicated in the 0's image in (b), demonstrating the propagation of the CSD waves. (From Zhou, C. et al,, Opt. Express, 14, 1125, 2006.
With permission.) . '
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FIGURE 10.11 (al) Picture schematic of a subject during measurement. (a2) Locations of recording on the subject’s head. (b) Averages+95%
confidence intervals as a function of age. (bl) THC concentration (HbT). (b2) Microvascular blood §tO,. (b3) CBV. (b4) Cerebral BF index (CBFix).
(b5) rCMRO, estimated from FD-NIRS only. (b6) rCMRO, calculated by combining FD-NIRS and DCS. Bold lines are linear regressions; R? and
P-value of the regressions are in the bottom right corner of each graph. HbT and StO, decrease while CBF increases as the premature born infant
matures over time. When HbT is converted to CBYV, the trends vanish and therefore if NIRS alone is used to derive CMRO,, there are no trends
in CMRO,. However, if CMRO, is derived using NIRS-DCS hybrid. data, a linear increase with time is observed. (From Roche-Labarbe, N. et al.,

Hum. Brain Mapp., 31(3), 341, 2010. Wxth permission.)

CBF is increasing; that is, oxygen utilization as well as oxygen
metabolism should be increasing with the infant’s age. The
authors argue that these findings demonstrate the robustness
of the NIRS-DCS combined model (notice large error bars in
subfigure (5) ), which might be expected since this model relies
on fewer approximations than the NIRS-only model (Boas et al.

2003). Taken together with other recent reports (Durduran et al.
2010a) of DCS-NIRS use in neonates to estimate CMRO,, cur-
rent research demonstrates the feasibility and the importance of
concurrent DCS and NIRS; the two complementaty methodolo-
gies permit measurement of m1crovascu1ar hemodynamics in a
previously inaccessible way.
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10.6.2.4 Cerebrovascular Hemodynamics in
Adult Neurointensive Care Units

Working closely with neurologists, optical scientists have identi-
fiedanunfilled nicheapplication for DCS~NIRS hybrid approach
as a bedside monitor in neurointensive care units for adults. To
this end, we have studied the responses of a cohort of acute isch-
emic stroke patients (Durduran et al. 2009b) and TBI patients
(Kim et al. 2010). In TBI patients, we have validated DCS against
. portable xenon-CT (Kim et al. 2008) and demonstrated good
agreement with invasive measurements of intracranial pressure,
cerebral perfusion pressure, and the partial pressure of oxygen
during postural changes and hyperoxia. Here, we highlight our
findings in acute ischemic stroke patients. :

In the acute ischemic stroke population, we have induced mild
orthostatic stress by changes in head-of-bed (HOB) positioning
as shown in Figure 10.12a, with probes placed on the forehead
near the frontal poles. CBF and hemoglobin concentrations were
measured sequentially for 5min at each HOB positions: 30, 15,0,
-5, and 0 degrees and normalized to their values at 30 degrees.
In Figure 10.12b (left), the infarcted hemisphere (peri-infarct)
shows a very large CBF increase in response to lowering of HOB
position, whereas the opposite hemisphere (contrainfarct) shows
minimal changes that are similar to those observed on healthy
people. While this was expected and observed in most (~75%) of
the people (n=17), others have shown a “paradoxical” response
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(see Figure 10.12b, right) where CBF decreased in response to
lowering of the HOB position. Larger changes in peri-infarct
hemisphere are presumably due to damaged cerebral autoregu-
lation and are observed in both types of responses. The existence
of the paradokical response is an indicator for the potential use-
fulness of a bedside monitor for individualized stroke care. In
control populations (Durduran et al. 2009b, Edlow et al. 2010),
we have shown that both hemispheres behave in an identi-
cal fashion with postural challenge, as expected. Among other .
things, the example illustrates that diffuse optical instrumenta-
tion can be deployed at the neurointensive unit to directly moni-
tor injured tissues.

10.6.3 Skeletal Muscle Hemodynamiés

Chafacterizatipn of the oxygen supply and metabolism with
optical methods in skeletal muscles has important implications
in exercise medicine, and for treatment, screening, and under-.
standing of diseases such as the PAD. In addition, these types
of measurements hold potential to improve fundamental under-
standing of muscle function within the context of the cardiovas-
cular disease (Cheatle et al. 1991, Wallace et al. 1999).

In a pilot study (Yu et al. 2005a), issues of light penetration
and flow sensitivity were addressed by experimentally investi-
gating tissue layer responses during prolonged cuff occlusion.

HOB position HOB position HOB position
) 30 30 30
.15 .15 .15
L O 7SS ST R SO -
...... 5 sIIiin g Friziir o
Study 1 Study 2 Study 3
Days after stroke (N-day)
Photon paths through
the head
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| Bl Contra-
0

Peri—
(b ~ HOB angle®

rCBFE
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250 s
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200 Peri—
w, 150
0
@]
= 100+

50

0
HOB angle®

FIGURE 10.12 (a) Illustration of the measurement protocol and the probe positioning. (b) CBF data taken over 25min from two representative
subjects. A representative plot (left) was observed in about 75% of the subjects (n=17); the infarcted hemisphere (peri-infarct) shows a very large
CBF increase in response to lowering of HOB position. Others have shown a “paradoxical” response (right) where CBF decreased in response to
Jowering of the HOB position. (From Durduran, T. et al., Opt. Express, 17, 3884, 2009b. With permission.)
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FIGURE 10.13 Representative curves of relative BF (a) and tissue blood oxygen saturation (StO,) (b) as function of time during arterial cuff
occlusion. Data are shown from different source-detector pairs measured on a healthy leg. The source-detector separations in the figure are 0.5, 1,
2, and 3 cm for DCS flow measurement and 0.5, 1.5, and 4.0 cm for NIRS oxygenation measurement, respectively. Vertical lines indicate the begin-
ning and end of the occlusion period. Stronger reactive hyperemia after the release of occlusion and deoxygenation during occlusion were derived
from source-detector pairs with large separations, i.e., 2 and 3cm for DCS and 1.5 and 4cm for NIRS, respectively. (From Yu, G. et al., J. Biomed.

Opt., 10, 024027, 2005a. With permission.)

A contact fiber-optical probe with source-detector separa-
tions of 0.5, 1, 2, and 3 cm was employed for this study (see
Figure 10.5a). Based on diffusion theory, the light penetration
depth depends on tissue optical properties and source-detector
separation (typically, penetration is approximately one-third
to one-half of the source-detector separation on the tissue
surface).

Ten healthy subjects and one patient with PAD were mea-
sured. A 3min cuff occlusion protocol was used to investigate
the different layer responses in skeletal muscles in order to
estimate light penetration depth and to validate results in the
ischemic states. A skinfold caliper was used to mechanically
measure the thickness of the upper layers (skin and adipose)
above muscle. The thickness of the upper layers (skin and adi-
pose tissues) above leg flexors and wrist flexors was 5.5+ 0.4 mm
and 2.8 £0.6 mm, respectively (n=10). Therefore, the optical sig-
nals detected from the large separations (>2 cm) are mainly from
the deep muscle tissues.

Figure 10.13 shows the typical responses of rBF and blood O,
saturation (StO,) during leg arterial occlusion from the different
source-detector pairs on a healthy individual. Hemodynamic
responses derived from source-detector pairs with large sepa-
rations (=2 cm) were significantly stronger than those from the
shortest source-detector separations (0.5cm), consistent with
the larger responses expected for muscle tissue compared to top
skin and adipose tissues.

Table 10.1 lists the hemodynamic responses in cuff occlusions
from 10 healthy volunteers and one PAD patient. For the healthy
volunteers, cuff occlusion of the leg flexor and arm flexor mus-
cles produced a similar response. The hemodynamic response
trends in the PAD patient (data not shown) were similar to those
of the healthy volunteers, and different responses were not found
in the arm muscles of healthy controls compared to the patient.
However, in the PAD patient leg muscle, the relative magni-
tude of reactive hyperemia was ~1/2x of the controls, and the

recovery half-time of both S§tO, and rBF after occlusion was ~3x
those of the controls. .

Further investigations will test the capability of diffuse opti-
cal techniques for screening and diagnosis of PAD. In a different
vein, the community has begun to consider DCS measurement
during exercise, but these measurements can have motional
artifacts; better understanding and characterization of these
motional artifacts is needed and may require analysis of the
methodologies at a fundamental level.

10.7 Summary

In this chapter, we have outlined the development and applica-
tion .of DCS. The technique has now been adopted by several
research groups around the world for measurement of BF in
deep tissues. In a relatively short time, we have witnessed the
translation of DCS from its theoretical conception to its applica-
tion in intensive care units at the hospital. These diffuse optical
methods are flexible, portable, and rapid and can be combined
with other modalities such as NIRS or tomography, MRI, PET,
and CT. Currently, its use is limited to measurements of relative
BE, but promising results are indicative of potential for absolute
measurements in the future.

Open questions about the technique still remain and will be
interesting to consider. For example, the interaction of pho-
tons with moving red-blood cells in the complex environment
of the tissue microvasculature is only partially understood
(see Section 10.3.3). Thus, empirical approaches to defining
BF indices have been adopted. While these empirical indices
have withstood extensive cross-validation (see Section 10.5),
it remains desirable to generate a more fundamental under-
standing of the origins of this BF index. We expect improved
physical understanding, along with many more clinical appli-
cations, to emerge rapidly as the technique is adopted by
others.



https://measureme.nt

212

Handbook of Biomedical Optics

TABLE 10.1 Responses in Cuff Occlusions from 10 Healthy Volunteers and 1

PAD Patient
Parameters -Subjects T, (s) Max A Ty (s) 0OS (A)
Leg Occlusion
StO, (%) ‘Healthy 177.1£20.7 .—16.4+44 33.7+26.0 3.8x1.7
) PAD 180.0 -15.0 96.0* 3.0
THC (uM) Healthy 88.1+£81.9 -1.8+£59 16.2+18.3 2.8%£3.1
PAD 25.0 -10.0 36.0 5.0
rBF (%) Healthy 51.0+11.5 -90.0+2.4 25.6+14.5 311.4+90.8
PAD 60.0 -93.0 90.0* 165.0%
. Arm Occlusion .
StO, (%) Healthy 1747 £15.3 -25.1£82 19.4+15.2 11.4£5.0
PAD 180.0 -23.0 23.0 10.0
THC (uM) Healthy 46.6£61.2 -1.4+6.4 13.6+7.3 8.6%£5.0
PAD 111.0 -16.0 20.0 22.0
rBF (%) Healthy 14.0+7.4 —90.3+3.8 11.3%6.1 445.1+194.1
' PAD 11.0 ~92.0 12.0 450.0

Source: Yu, G. etal,, J. Biomed. Opt., 10, 024027, 2005a, Table 1. With permission. -

Time to reach maximal change (T,), maximal change (Max A), recovery half-time (T),
and hyperemic overshoot (OS) are shown for StO, (%), THC (LM), and rBF (%). The 100%
is assigned for baseline BE Means+ SD are reported. ‘

*Substantially different, healthy volunteers versus the PAD patient.
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