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Diffuse Correlation Spectroscopy (DCS): A Diagnostic Tool for Assessing
Tissue Blood Flow in Vascular-Related Diseases and Therapies
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Abstract: The development and clinical application of a novel near-infrared diffuse correlation spectroscopy (DCS) have
been reviewed in this paper. DCS measures speckle fluctuations of near-infrared diffuse light in tissue, which are sensitive
to the motions of red blood cells. DCS offers several new features which make it appealing for blood flow measurement
such as noninvasiveness, high temporal resolution (up to 100 Hz), portability, and relatively large penetration depth (up to
~1.5 centimeters). DCS technology can be utilized for bedside monitoring of tissue blood flow as exemplified by applica-
tions involving tumors, brains, and skeletal muscles. In these investigations, DCS measurements show promise for quanti-
fication of tissue hemodynamic status, for diagnosis of vascular-related diseases (e.g., cancers, stroke, peripheral arterial
disease), and for continuous monitoring and evaluation of therapeutic effects (e.g., chemotherapy, radiation therapy, pho-

todynamic therapy, arterial revascularization).
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1. INTRODUCTION

1.1. Various Diseases Associated with Abnormal Blood
Flow

Blood flow is one of the most important physiological
factors affecting delivery of O, and other nutrients to tissues.
Many diseases are associated with abnormal blood flow such
as stroke, peripheral arterial disease (PAD), and cancer [1-5].
An occlusive stroke/PAD is an interruption of the blood sup-
ply (flow) to the brain/skeletal muscle, which may impair or
even destroy the cerebral/muscular function. The abnormal
vasculature in tumors may generate abnormal tumor blood
flow compared to the surrounding normal tissues. The vari-
ous treatments for these diseases share the common goal of
modifying blood flow in some way. These treatments in-
clude improving blood flow to the ischemic tissues or shut-
ting down the blood flow to cancer cells. Therefore, meas-
urement of tissue blood flow may provide information for
diagnosis of various tissue diseases, and for monitoring of
therapeutic effects.

Blood flow, however, is difficult to measure accurately
because measurement sensitivity and stability depends on the
magnitude of flow, location and the diameter of the individ-
ual vessels that vary over a wide range; e.g., vessel diameters
range from 2 cm (major arteries or veins) down to several
micrometers (capillaries). In the clinic, measurements are
required to be noninvasive, continuous, and fast while still
providing accurate and useful quantitative flow information
in macro- and micro-vasculature of deep tissues.
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1.2. Various Noninvasive Techniques for Measurement of
Blood Flow

A variety of noninvasive methods are currently used for
the measurement of blood flow and velocity [6]. Doppler
ultrasound, for example, employs the Doppler effect to as-
sess whether blood is moving towards or away from the
probe, and its relative velocity. Duplex ultrasonography can
image large and deep vessels in three dimensions with rela-
tively high spatial (~mm) and temporal (~ms) resolution.
However, this technique is limited to large vessels.

Other Imaging modalities for evaluation of blood flow in
deep tissues at the level of the microvasculature [6] include
positron emission tomography (PET) [7], single photon
emission computed tomography (SPECT) [8], Xenon-
enhanced computed tomography (XeCT) [9], dynamic perfu-
sion computed tomography (PCT) [10], dynamic susceptibil-
ity contrast magnetic resonance imaging (DSC-MRI) [11],
and arterial spin labeling MRI (ASL-MRI) [12, 13]. These
techniques use endogenous (ASL-MRI) or exogenous tracers
(PET, SPECT, XeCT, PCT, DSC-MRI), and their temporal
and spatial resolutions vary. For example, the data acquisi-
tion time for ASL-MRI, PCT and DSC-MRI is in the range
of seconds to minutes, approximately 10 times faster than the
other techniques mentioned above. The spatial resolution for
PCT, DSC-MRI and ASL-MRI can be as small as 2 mm and
is typically better than that of the other techniques, i.e., 4-6
mm. However, these imaging modalities have several limita-
tions that preclude their routine use in clinics. PET, SPECT,
and Xenon-CT require exposure to ionizing radiation, and
PET and SPECT require arterial blood sampling for quantifi-
cation of blood flow. The MRI methods cannot be used in
patients with pacemakers, metal implants, or claustrophobia.
Furthermore, most of these methods require large and costly
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instrumentation, and are largely incompatible with seri-
al/continuous measurements.

Other surface-sensitive imaging techniques for measure-
ment of microvascular flow include scanning laser Doppler
[14], laser speckle imaging [15, 16], and Doppler optical
coherence tomography (DOCT) [17]. These methods are
used primarily for noninvasive monitoring of blood flow in
tissues located at a few hundred microns below the tissue
surface.

From the discussion above, there is apparently a critical
need to develop bedside techniques that can monitor micro-
vascular blood flow in deep tissues noninvasively, frequent-
ly, and relatively inexpensively.

1.3. “Static” Near-infrared Spectroscopy (NIRS) for
Measurement of Deep Tissue Hemodynamics

A well known spectral window exists in the near-infrared
(NIR, 700-900 nm) wherein tissue absorption is relatively
low so that light can penetrate into deep/thick volumes of
tissue (up to several centimeters). Near-infrared spectroscopy
(NIRS) provides a fast and portable alternative to costly im-
aging techniques (e.g., MRI, CT) for measurement of deep
tissue hemodynamics at the level of microvasculature. How-
ever, NIRS has relatively poor spatial resolution when prob-
ing deep tissues: ~0.5 mm near the surface and the resolution
degrades with depth.

Traditional NIRS is a "static" method; it primarily
measures the relatively slow variations in tissue absorption
and scattering, as well as the derived values of hemoglobin
concentration and blood oxygen saturation [18-39]. Very fast
NIRS methods [40, 41] have been employed to measure rap-
id (~100 Hz) changes in tissue scattering. Nevertheless, these
methods are still referred to as “static” since they investigate
changes in the “amount of scattering” rather than the motion
of the scatterer.

The most common applications of NIRS focus on the
continuous measurements of hemoglobin concentration and
blood oxygen saturation. NIRS has also been used to indi-
rectly estimate blood flow using an exogenous tracer (e.g.,
Indocyanine Green) in deep/thick volume of tissues [42, 43].
This method, however, is minimally invasive as it requires
intravenous injection of Indocyanine Green (ICG).

1.4. “Dynamic” NIR Diffuse Correlation Spectroscopy
(DCS) for Measurement of Deep Tissue Blood Flow

Recently, a new “dynamic” NIR technique (namely dif-
fuse correlation spectroscopy (DCS) or diffuse wave spec-
troscopy (DWS)) was developed which can directly measure
the motions of scatterers while also maintaining all the ad-
vantages of NIRS [44-52]. In the case of tissues, the primary
moving scatterers are red blood cells (RBCs). DCS offers
several attractive new features for blood flow measurement
such as noninvasiveness (i.e., no ionizing radiation, no con-
trast agents, no occlusion disturbance), high temporal resolu-
tion (up to 100 Hz) [53], portability, and relatively large
penetration depth (up to ~1.5 centimeters) [54, 55]. Further-
more, DCS can be easily and continuously applied at the
bed-side in the clinic [2, 3].
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DCS measurements of blood flow variation in various tis-
sues/organs have been successfully validated against other
standards, including power Doppler ultrasound in murine
tumors [5, 56], laser Doppler in rat brain [57], Xenon-CT in
traumatic brain [58], Doppler ultrasound in premature infant
brain [59, 60], fluorescent microsphere measurement of cer-
ebral blood flow in piglet brain [1], and ASL-MRI in human
brain and muscle [55, 61], and have been compared to re-
ports in the literature [53, 57, 62-66]. This validation re-
search has progressed hand-in-hand with numerical, theoreti-
cal studies [50, 57, 67-71], and with studies of tissue simu-
lating phantoms [57, 68, 72, 73]. Overall, these studies have
shown that DCS measurements of blood flow variations are
in good agreement with theoretical expectation, computer
simulation, and other biomedical measurement techniques.

The utility of DCS technology for bedside monitoring of
tissue blood flow has been recently demonstrated in tumors
[3, 5, 56, 65, 74-77], brains [57, 63, 66, 71, 78], and skeletal
muscles [4, 61, 79-82]. The early stages of many of these
studies focused on blood flow in animal models (e.g., murine
tumors [5, 56], rat and piglet brains [1, 63, 64, 71], pig limb
muscles [83]). More recently, the DCS technique has been a
key component in a variety of clinical studies (e.g., human
cancers of prostate [3], breast and head & neck [65, 75, 76,
84], cerebral functional activities [55, 78], cerebral stroke
[2], traumatic brain injury [58], skeletal muscle physiology
[4, 80-82]). In these preclinical and clinical investigations,
DCS was used for quantification of tissue hemodynamic
status, for diagnosis of disease, and for continuous monitor-
ing and evaluation of therapeutic effects. In some of these
studies, DCS was combined with NIRS in hybrid instru-
ments and simple models were used to estimate tissue oxy-
gen metabolism (TMRO,) from the measured flow and oxy-
genation data [84]. This metabolic index is potentially a
more direct indicator of tissue metabolic activities which
integrates many factors and provides further insight about
tissue physiology.

This review paper first outlines the historical develop-
ment, basic principles and general instrumentation of DCS. It
then focuses on introducing some c/inical application exam-
ples of DCS.

2. DCS TECHNOLOGY
2.1. Historical Development of DCS Technology

The dynamic (or correlation) methods detect the motion
of scatterers, typically starting with a system employing co-
herent sources and single photon counting detectors. The
temporal statistics (or frequency-domain analogs of temporal
statistics) of the fluctuations of the scattered light within a
single speckle area are then monitored. In most of these dy-
namic experiments, the electric field temporal autocorrela-
tion function or its Fourier transform is measured. Using a
model for photon propagation through tissues, this measured
signal can then be related to the motion of the RBCs and,
consequently, blood flow can be determined.

Early physiological work from tissues utilized single-
scattering theory [46, 47, 51], [85-87] to analyze data using
pairs of very closely separated (< 1 mm) optodes, e.g., Laser
Doppler flowmetry and charge-coupled device (CCD)-based
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speckle devices [46, 51, 88]. Most of these measured light
fluctuations in superficial tissue (< 1 mm). The single-
scattering approximation simplifies the experimental analy-
sis, but also limits the reliability and amount of information
that can be extracted from real deep tissue samples.

Extension to highly scattering systems was made in the
1980°s in various guises [45, 48, 49, 52]. The analogy of
correlation transport to photon transport was made in the
1990’s in order to better understand the behavior of correla-
tion functions in the regime between single scattering and
multiple scattering. Particularly, a diffuse correlation theory
(DCS) for predicting speckle fluctuations of the highly scat-
tered light was first introduced by Yodh and Boas in 1995
[44, 50, 89]. A diffusion equation unifying earlier models
that describes the transport of the electric field temporal au-
tocorrelation function through turbid media was derived,
providing a mathematical description about how motional
fluctuations are impressed upon the temporal correlations of
diffuse light fields propagating in tissue. The advantage of
the correlation diffusion theory over previous theories is the
ease with which predictions can be made for turbid media
with spatially varying dynamics and optical properties. As a
result of these accomplishments, the DCS theory and instru-
mentation have been developed to optically probe blood flow
in thick tissues [2-5, 55, 64, 65, 71, 75, 84, 90].

2.2. DCS Principles

DCS is an extension of single-scattering dynamic light
scattering (DLS) (or quasi-elastic light scattering, QELS) to
the multiple scattering limit. In a single scattering thin sam-
ple, photons are usually scattered once (or not at all) before
they leave the sample. If the scatterers are particle-like ob-
jects that move, then the total electric field will vary in time
and intensity fluctuations are observed. The fluctuations of
the electric field and intensity carry information about the
dynamic properties of the medium, i.e., the motion of the
particles. In most experiments, the electric field temporal
autocorrelation function or its Fourier transform is measured.

In applications involving most biological thick tissues,
single-scattering theory becomes inadequate as multiple scat-
tering effects must be accounted for. In this case, each scat-
tering event from a moving scatterer contributes to the ac-
cumulation of the phase shift and therefore the decay of the
correlation function. The fields from individual photon paths
are assumed to be uncorrelated so that, subsequently, the
total temporal field autocorrelation function can be expressed
as the weighted sum of the field autocorrelation function
from each photon path.

Boas et al derived a correlation diffusion equation de-
scribing the propagation of the unnormalized electric field
temporal autocorrelation function in turbid (multiple scatter-
ing) media [44, 50, 91], based on correlation transport theory
[92, 93]. This differential equation approach is particularly
attractive for investigation of heterogeneous media [44, 50,
94] and provides a natural framework for tomographic re-
construction of tissue flow dynamics [44, 63, 71]. Details of
the correlation diffusion equation derivation can be found
elsewhere [44, 50, 91]. This review paper does not reproduce
the earlier derivations, but instead simply introduces the
well-known diffusion equation for photon fluence rate, and
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then writes out the analogous result for photon electric field
correlation. Interested readers are strongly encouraged to
consult primary references and recent reviews for more de-
tails.

In highly scattering media such as tissue, the photon flu-
ence rate, d(r,/) [Watt: cm™], obeys the time-dependent
diffusion equation:

od(r,1)

V- (DVO(r,t))—vu, ®(r,t)+vS(r,t)= (1)

where 7 is the position vector, 7 [s] is time, and V [cm* 5] is
the speed of light in the medium. u, [em™'] is the medium
absorption coefficient, and D= v/ 3/.1; is the photon diffu-
sion coefficient in the medium, where ,u\ [em™] is the re-

duced  scattering  coefficient  of  the
S(r,t) [Watt: cm'J] is the isotropic source term.

medium.

Using essentially the same set of approximations, the un-
normalized ~ temporal  field  autocorrelation  func-
tion, G,(r,7) = <E(r,t) E'(r,t+ r)> , obeys a formally similar
diffusion equation, i.e.,

V-(DVG,(r,0) - (v, + vt k] (A (1)))G (r,7) = —v8,¢”" 8 (r—x.)
(2)

Here the source term is continuous wave (CW), 7 is the
autocorrelation delay time, @ is the angular frequency of

: - - 2rn . .
the input light field, & = % is the wavevector magnitude

of the incident light field, 7 is the index of refraction of the
medium, A is the wavelength of the light field, and

<Ar2(r)> is the mean square displacement of the scatterers

in the medium, which directly characterizes the scatterer
movement.

The scatterer movement (i.c.,<Ar3(T)>) combines with

photon absorption to give an effective “absorption” term for
the attenuation of unnormalized electric field temporal auto-
correlation function as it travels through the medium. The
recognizable similarity of Equation 1 and Equation 2 sug-
gests that they will have similar solutions. In semi-infinite
homogeneous media (see Fig. (1)), for example, the solution
to Equation 2 can be obtained as [91],

‘)S“e:wr (e—k'(t)rl e—l\'(r)r2 ) (3)
4nD r (i

G (p,7)=

Here, p is the distance between the source and detector

fibers, r, =Jp*+z,

2 1+Re,;-
! 3#.;]_Re// ’

R =—1.44n"+0.71n"+0.668+0.064n is the effective

e ff

p +(z,+22,)",
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Fig. (1). Illustration of the semi-infinite geometry. The collimated source is usually approximated as an isotropic source located at

z =z = 1/ into the medium. The boundary condition requirement leads to a signal size of zero for the temporal autocorrelation function

2 1+Rc”

at z=—z = —, which is generally called the extrapolated zero boundary condition [115]. For the semi-infinite homogeneous

geometry, the extrapolated zero boundary condition can be satisfied by considering a negative isotropic imaging source located at

z =-(zy +2z;) . Courtesy of C. Zhou [68].

reflection coefficient defined by the ratio of the refraction

indices inside and outside the medium (7 = #;, / Rt » see
Fig. (1)), and K*(7)=3uu + k(A (1))

For biological tissues there is another required modifica-
tion of the correlation diffusion equation. Generally, biologi-
cal tissues contain static (or very slow moving) scatterers
(e.g., organelles, mitochondria, etc.) and moving scatterers
(e.g., RBCs). The scattering events from the static objects in
tissue do not contribute significantly to the phase shift and
correlation function temporal decay in Equations 2. To ac-
count for this effect, a unitless factor, « (ranging from 0 to
1), is introduced to represent the fraction of light scattering
events from “moving” scatterers. The factor o is included
as a pre-fix to the effective ‘‘absorption’” term in Equation 2

(i.e.,{vu‘;k:a<Ar2(‘r)> ), and so it arises as well as in the

definition of K*(7) (i.e.. K*(T)=3pu +u’kla(Ar'(1))).
The decay of the temporal field correlation function thus
depends on tissue optical properties, (_, u <Ar2(r)> , and
the factor & which accounts for the presence of static scat-
terers.

For the case of random ballistic ﬂow,(ArZ(r)>=V21:2,

where V* is the second moment of the cell velocity distribu-
tion. For the case of diffusive motion, (Arz(‘r)>=6DhT,

where D, is the effective Brownian diffusion coefficient of

the tissue scatterers, and is distinct from the well known
thermal Brownian diffusion coefficient defined originally by
Einstein [95]. Red blood cells (RBCs) pass through capillar-
ies in single file and experience shear flow in larger vessels;
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 practice, however, the diffusion model, i.e.,

<Ar2(t)> =6D,7 , fits the auto-correlation curves rather well

over a broad range of tissue types (see Fig. (2)), ranging
from rat brain [64, 71] and mouse tumor [5, 56], to piglet
brain [1], adult human skeletal muscle [4, 79], adult human
tumors [75, 84], premature brain [59, 60], and adult brain [2,
54, 55, 62]. There is currently no evidence explaining why
Brownian-motion like correlation curves work effectively
and more investigations are needed to resolve these issues.
Nevertheless, an empirical approach has been adopted by
researchers in biomedical optics applying DCS for meas-
urement of tissue blood flow.

Although the unit of aD, (cm?/s) differs from the tradi-

tional blood perfusion unit [ml/min/100 g], changes in aD,

have been found to correlate quite well with other blood flow
measurement modalities as described above. Therefore,

aD, is used as the blood flow index (BFI=aD,).

rBF = i
BFI,
where BFI, is the DCS flow measurement at the baseline.

is used to indicate relative blood flow changes,
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Fig. (2). DCS data (i.e., the normalized electric field autocorrelation function) from an adult human brain (a), human calf muscle (b), piglet
brain (c), and rat tumor (d). The source-detector separations are also indicated on each plot. Dots are experimental data. The dashed line is a
fit with <Ar*> ~ t* (random flow), and the solid line is a fit with <Ar*> ~ t (Brownian motion). The diffusion model (Brownian motion) fits
the auto-correlation curves better than the random flow model over a broad range of tissue types. Courtesy of C. Zhou [68].
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Fig. (3). (a) Schematic diagram of a typical DCS system. (b) A photograph of the portable 8-channel DCS system. (¢) Photograph of a hy-
brid diffuse optical system consisting of a DCS flow-oximeter and a frequency-domain tissue oximeter (Imagent, ISS Inc.).

2.3. DCS Instrumentation

Fig. (3a) shows the diagram of a typical DCS system. For
DCS, a long coherence length laser light source must be em-
ployed. Output from the laser can be delivered to the tissue
through a multimode optical fiber. Single-mode (or few-
mode) fibers should be used to collect photons from a single
(or a few) speckle(s) emitted from the tissue surface. Fast
photon-counting avalanche photodiodes (APDs) (e.g.,
SPCM-AQR-12, Perkin Elmer, CA) are used as detectors. A
multi-tau correlator board (Correlator.com, NJ) takes the
TTL output from the APDs and calculates temporal intensity
auto-correlation functions of the detected signal. The optical

and electronic components are controlled through a comput-
er.

Several research groups have applied DCS technologies
in biological tissues [4, 5, 54, 55, 60, 63-65, 79]. To fully
utilize the blood flow information provided by DCS, hybrid
systems combining DCS and NIRS (see Fig. (3¢)) have been
demonstrated to provide more comprehensive information
for calculation of tissue blood flow, blood oxygenation and
oxygenation metabolism [4, 57, 60, 63, 64]. Additionally, a
very compact DCS system can be designed by exploiting
recent developments in novel solid-state laser technologies
[79, 84]. Fig. (3b) shows a portable 8-channel DCS instru-
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Fig. (4). Three schematic examples of DCS tissue probes: (a) contact probe, (b) side-illumination catheter-based probe, and (¢) multi-fiber

receiver head probe (reproduced from Fig. (1) in Reference [53]).

ment (Dimension: 18 cm x 28 cm x 33 cm). Recently Shang
et al [79] demonstrated a dual wavelength 4-channel DCS
flow-oximeter, which simultaneously measures tissue blood
flow and blood oxygenation by a single compact device (see
bottom of Fig. (3¢)). Being truly portable, the DCS flow-
oximeter is suitable for bed-side and en route monitoring of
multiple hemodynamic parameters in tissue.

Similar to NIRS, DCS tolerates the usage of a wide varie-
ty of probes. The most basic probe employs one or more
multimode source fibers and one or more single- or few-
mode detector fibers. The fiber diameter of single- or few-
mode detector fibers in DCS is limited to several microme-
ters. It has been previously shown that enlarging the fiber
diameter (few-mode fibers) to cover multiple speckles in-
creases the signal intensity, but also increases the noise pro-
portionally and therefore does not necessarily result in much
signal-to-noise-ratio improvement [71].

DCS can be used in many diverse situations requiring
different probe designs to be utilized. Fig. (4) shows three
example probes. The first probe (see Fig. (4a)) is a typical
probe used in studies of human brain, tumors close to the
body surface (e.g., breast tumor, head/neck tumor), and skel-
etal muscles [4, 55]. Straight or 90° bent fibers are utilized.
This probe can be made MRI compatible [61, 96]. The se-
cond type of probe (see Fig. (4b)) consists of multiple side-
firing fibers embedded in a catheter which could be inserted
into tissues [3] or sutured onto the tissue surface. Finally, the
third probe (see Fig. (4¢)) is a multi-fiber receiver head
probe utilized by Gisler and co-workers that employs up to
thirty-two few-mode fibers to detect light from multiple
speckles simultaneously [53]. Their goal was to maximize

the number of detected photons per fiber by utilizing few-
mode fibers and acquiring many correlation functions in par-
allel. With this approach, they have reduced the integration
time down to 6.5 ms and are able to resolve changes in blood
flow due to arterial pulsation in an analogous fashion to
pulse-oximetry.

Practically all innovations from the design of NIRS
probes can be taken and adapted for DCS use, and hybrid
probes for both NIRS and DCS can be easily built by adding
extra source and/or detector fibers.

3. CLINICAL APPLICATION EXAMPLES OF DCS
3.1. Cancer Diagnosis and Therapy Monitoring

Abnormal tissue hemodynamics and metabolism in tu-
mor may precede detectable morphological changes of tu-
mor, thus providing early diagnostic information. Also,
measurement of tissue/tumor hemodynamic changes during
cancer treatment is particularly attractive for cancer therapies
that require tissue oxygen for treatment efficacy [5]. For ex-
ample, patients with hypoxic tumors are well known to show
only minimal improvements in response to radiation and
photodynamic therapies [97-99]. Furthermore, cancer thera-
py can alter tumor hemodynamic/metabolic status, which
further impacts treatment outcomes. Expectations are that
functional assessment of tumor hemodynamic status before
and during cancer therapy may provide information useful
for early prediction of long-term treatment outcomes, thus
enabling clinicians to optimize and individualize treatment.

DCS has been utilized in the monitoring of various tumor
conditions including tumor contrast in breast cancer [65, 84],
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Fig. (5). (a) Hand-held probe with four source-detector pairs is
scanned horizontally and vertically in 1 cm increments spanning the
estimated tumor region as well as the surrounding healthy tissue.
Relative blood flow (rBF) scans from one patient with a malignant
tumor and a healthy volunteer are shown for both (b) horizontal and
(¢) vertical scans. Probe position is indicated relative to expected
tumor center (position 0). Courtesy of T. Durduran [65].

early physiological changes in breast cancer in response to
chemotherapy [84], the effects of chemo-radiation therapy
on head/neck cancer [75], hemodynamic response to photo-
dynamic therapy (PDT) in prostate cancer [3, 100], and the
efficacy of PDT in murine tumor models [5, 56, 101-104].
This subsection begins with an example that demonstrates
the clinical use of DCS for diagnosis of human breast tu-
mors. A series of clinical translational studies using DCS for
monitoring and evaluation of various cancer therapies in
humans are then described.

Blood Flow Contrast in Breast Cancer. DCS has been
tested for use in diagnosis of cancers [65, 84]. One such ex-
ample is in the detection of tumor-to-normal flow contrast in
breast tumors. In this case two healthy subjects and 5 pa-
tients with palpable breast tumors were recruited [65]. To
increase tumor accessibility subjects were asked to lie su-
pine, thus flattening the breast. An experienced researcher
scanned the tumor with a hand-held optical probe (see Fig.
(4a) and Fig. (5a)) in both horizontal and vertical directions
in I cm increments across the tumor. Since probe pressure
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may induce signal variations two scan directions were used.
This also allowed for checking the repeatability of the signal.
For healthy volunteers, an arbitrary region was drawn as the
tumor site, and a measurement was obtained by scanning
across that region. This control measurement provided some
information about the heterogeneity of blood flow in healthy
breast tissue.

Only four of the source-detector positions, directly across
from each other (separation of 2.5 c¢cm), were used at each
scanned position. The resultant correlation functions were
then fit to a solution of the correlation diffusion equation to
obtain a blood flow index. The results were normalized to
the mean value of the measurements of the healthy tissue and
the standard deviation was reported as the error bar. The
averaged relative blood flow (%rBF) was reported at each
position.

Fig. (5) shows horizontal (b) and vertical (¢) profiles
from one malignant tumor and one healthy breast. There was
only slight variation observable in the healthy breast, where-
as blood flow increased in both scan directions as the probe
crossed over the tumor. Consequently, the contrast observed
was attributable to the tumor and not the natural heterogenei-
ty of the breast.

Patients were categorized into three groups: (1) a group
with very little heterogeneity, i.e., the healthy breasts (2.7%
variation, n = 2); (2) a group wherein the blood flow in-
creased up to 230% of that of healthy tissue, i.e., malignant
tumors (n = 2); and (3) a group wherein a moderate increase
up to 153% was observed, i.e., benign tumors (n = 3). Alt-
hough the power of the statistics of this study was not
enough to conclude that differentiation can be achieved, the-
se results are in qualitative agreement with previous Doppler
ultrasound and PET [105-110] results where ~470-550%
increases in blood flow were reported in malignant tumors
with smaller contrasts in benign cases [108]. It is clearly
demonstrated from these findings that robust flow contrasts
in palpable tumors can be detected by DCS.

Breast Cancer Hemodynamic and Metabolic Contrasts in
Response to Chemotherapy. This was a case study of a
breast cancer patient during the early stages of neoadjuvant
chemotherapy [84]. Both DCS and NIRS measurements
were obtained simultaneously (using a hybrid instrument) on
the same patient to derive information about tumor blood
flow, blood oxygenation and oxygen metabolism. Tu-
mor/normal contrast was scanned using a hand-held probe
consisting of source and detector fibers, which is similar to
the probe shown in Fig. (5a). The source-detector separa-
tions were 2.8 cm for NIRS and 2.5 ¢cm for DCS. The scan-
ning procedure was the same as shown in Fig. (5a).

As early as 3 days post-therapy significant changes in
tumor hemodynamic parameters were detected. Fig. (6) pre-
sents line scans of the blood flow index (BFI = abD,, Fig.
(6a)) and total hemoglobin concentration (ctTHb, Fig. (6b))
from both the tumor breast and the contralateral breast before
and after the first week of chemotherapy treatment (days 0,
3, and 7). Within the first week of treatment (day 7) NIRS
revealed significant changes in tumor/normal contrast of
total hemoglobin concentration (rctTHbyy = 72 + 17%)
compared to pre-treatment value. Similarly, DCS found sig-
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Zhou [84].

nificant changes in tumor/normal flow contrast (rBFy = 75
+ 7% on day 7).
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Fig. (6¢) displays the relative changes in tumor/normal
contrast of the mammary metabolic rate of oxygen (rMM-
ROyn)). TMMRO, Ny showed an initial increase (118 +
13%, p = 0.68), which was most probably a result of the ini-
tial blood flow increase, although in order to confirm this
hypothesis further evidence is necessary. However, after day
4, metabolic indices dropped significantly (rMMROy N, =
78 + 7%, p = 0.05 on day 4) and then stabilized at this level
until the end of the monitoring period.

In addition to the optical measurements, ultrasound and
MRI measurements were performed before and after the
completion of treatment and detected a decrease in tumor
volume, indicating a partial response to therapy. The early
hemodynamic responses to chemotherapy hold a potential
for prediction of post-treatment outcomes (e.g., tumor vol-
ume change). This study also suggests that the combination
of DCS and NIRS enhances treatment monitoring compared
to either technique alone. The hybrid approach enables the
construction of indices reflecting tissue metabolism, which
may provide new insights about therapy mechanisms and
outcomes.

Hemodynamic Monitoring of Head and Neck Tumor Un-
dergoing Radiotherapy. This pilot study explored the poten-
tial of noninvasive DCS and NIRS for monitoring early rela-
tive blood flow (rBF), tissue oxygen saturation (StO,) and
total hemoglobin concentration (THC) responses to radio-
therapy in patients with head and neck tumors. The rBF,
StO, and THC in superficial neck tumor nodes of patients
were measured before and throughout the radiation therapy

period [75].

The protocol for this experiment consisted of pre-
radiation measurements as baseline data, followed by weekly
measurements for each individual until the treatment was
completed. Each patient received daily fractionated radiation
over 6.4 weeks and the optical measurements were complet-
ed just before treatment began each week. To obtain DCS
and NIRS measurements a hand-held probe was placed on
the neck tumor (see Fig. (7a)) and the forearm muscle (for
control purposes) respectively. The largest source-detector
separation of the probe was 3 cm for both optical techniques.
Tumor/normal hemodynamic contrast was obtained by nor-
malizing the tumor data to the arm muscle data.

The left panel of Fig. (7) shows the changes of rBF (b),
StO, (d) and THC (f) averaged over seven patients who have
complete responses (based on the tumor volume changes
after treatment) to radiation therapy. Different patterns were
exhibited from different individuals for the weekly rBF,
StO,, and THC kinetics, including significant early blood
flow changes during the first two weeks. Average rBF in-
creased (52.7 + 9.7%) in the first week and decreased (42.4 +
7.0%) in the second week. Average StO, increased from the
baseline value of 62.9 + 3.4% to 70.4 + 3.2% at the end of
the second week, and average THC showed a continuous
decrease from the pretreatment value of 80.7 + 7.0 uM to
73.3 + 8.3 uM at the end of the second week and to 63.0 +
8.1 uM at the end of the fourth week of therapy.

The right panel of Fig. (7) demonstrates the changes of
rBF (¢), StO, (e) and THC (g) observed from a partial re-
sponder. This patient exhibited substantially different tumor
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Fig. (7). (a) Hand-held probe for scanning the head/neck tumor. (b)
Average tumor relative blood flow changes (rBF%) during radio-
therapy averaged over seven patients who were complete respond-
ers to radiation treatment. Pretreatment value at week 0 was defined
as 100% in all patients. (d) Average tumor blood oxygen saturation
(StO,). (f) Average tumor total hemoglobin concentration (THC).
(¢) rBF% observed from a partial responder. (e) StO, from a partial
responder (g) THC from a partial responder. Courtesy of U. Sunar
[75].

hemodynamic response during the therapy compared to the
seven complete responders (see the left panel in Fig (7)); in
this case rBF exhibited a continual increase, while S0, and
THC also tended to increase over the course of treatment.
For this patient, pre-therapy CT showed a large necrotic
nodal mass, and the tumor was still relatively large and pal-
pable at the end of the therapy. Postsurgical pathology con-
firmed the existence of residual tumor, and so the patient
was considered to be a partial responder.

These preliminary data demonstrate the potential value of
diffuse optical measurements for early prediction of cancer
treatment outcomes (e.g., complete responders versus partial
responders).

Real-time Monitoring of Human Prostate PDT. Preclini-
cal PDT studies in murine tumors have found a strong corre-
lation between tumor blood flow (rBF) changes during
treatment and long-term treatment efficacy, indicative of the
clinical dosimetry potential of DCS for prediction of cancer
therapy efficacy [5]. The experiments discovered that the
slope (flow reduction rate) over which rBF decreased during
PDT was highly associated with treatment durability. These
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findings were consistent with the hypothesis that treatment
efficacy is a function of tumor oxygenation during PDT;
under oxygen-limited conditions (i.e., rapidly declining
blood flow), treatment efficacy was abrogated.

Armed with promising results from the murine models
above, Yu ef al. [3] 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 Fig.
(4b) and Fig. (8a)) containing source and detector fibers was
constructed with multiple source-detector separations (0.5 to
1.5 ¢cm) [3]. The fiber-optic probe was placed inside an 18-
gauge catheter that had already been inserted into the pa-
tient'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 se-
quentially in several quadrants (e.g., Q1 to Q4) until the en-
tire gland was treated.

Measured blood flow variation showed a similar trend in
each individual. Fig. (8b) and Fig. (8¢) show typical re-
sponses in blood flow over the course of PDT in two prostat-
ic tumors. As was the case for murine tumors [5], a sharp
decrease in prostate blood flow was observed [-41 + 12 % (n
= 5)], suggesting MLu-mediated PDT has an anti-vascular
effect. The slope (flow reduction rate) during PDT showed
large inter-prostate heterogeneities; 15%/min in Fig. (8b)
versus 10%/min in Fig. (8¢) measured from two prostates
during PDT. On average (n = 5) the flow reduction rate from
the five subjects was 12 + 5 (%/minute).

Even though this study made no attempts to correlate
clinical outcome with DCS-measured flow response during
PDT, it is clear that PDT-induced flow responses hold poten-
tial for the prediction of treatment outcomes in humans, as
shown in murine tumor models. The present study took a
step in this direction.

3.2. Bedside Monitoring of Cerebral Physiology and
Pathology

Noninvasive cerebral blood flow (CBF) measurements
provide physiological insight critical for both pre-clinical
models and in clinical applications. DCS was first utilized in
rat brain models [63, 64, 111] in a monitoring capacity [64]
and for demonstration of 3D DCS tomography [63, 71].
Utilization has also been extended into neonatal piglet mod-
els of head trauma, illustrating potential for continuous long
term “bedside” monitoring [1]. In 2004, its use in human
brain (through intact skull) was first demonstrated [57], and
the techniques were later applied to functional studies of
CBF in healthy adults [54, 55, 62]. In the clinical settings,
DCS use has also been reported in premature infants [59,
60], neonates with congenital heart defects [96], adults with
acute ischemic stroke [2] and traumatic brain injury patients
[58]. This subsection consists of descriptions of several clin-
ical examples where DCS was used for CBF measurement in
patients with cerebral diseases.

Bedside Monitoring of Cerebrovascular Hemodynamics
in Neuro-intensive Care Units. Optical scientists have identi-
fied an unfilled niche application for the DCS-NIRS hybrid
approach as a bed-side monitor in adult neuro-intensive care
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Fig. (8). (a) Custom-made template for guidance of placing catheters for prostate PDT. The treatment light was administered through the
cylindrical diffusing fibers inside the catheters. The small side-illuminated 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 (¢) Tumor blood flow responses during PDT as a function of
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was treated. The illumination periods are presented as shaded areas. Flow reduction rate is defined by the slope of the decrease in blood flow.

This figure is reproduced from Fig. (1) and Fig. (3) in Reference [3].

units. For example, the hemodynamic responses of a cohort
of acute ischemic stroke patients [2] and traumatic brain in-
jury (TBI) patients [58] were studied using the optical meth-
ods. In TBI patients, DCS for blood flow measurement was
validated against portable Xenon-CT [112] and concurred
with invasive measurements of intracranial pressure, cerebral
perfusion pressure and the partial pressure of oxygen during
postural changes and hyperoxia.

For the acute ischemic stroke population, a mild orthos-
tatic stress was induced by changing the head-of-bed posi-
tion (HOB) as shown in Fig. (9a) [2]. With two probes being
placed on the forehead near the frontal poles, CBF and he-
moglobin concentrations were measured sequentially for 5
minutes at each of the following HOB positions: 30, 15, 0, -5
and 0 degrees, and then normalized to their values at 30 de-
grees. Fig. (9b, left) shows continuous CBF data taken over
25 minutes from a representative subject. The infarcted hem-
isphere (peri-infarct) shows a very large CBF increase in
response to lowering of head-of-bed (HOB) position whereas
the opposite hemisphere (contra-infarct) 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
(see Fig. (9b, right)) where CBF decreased in response to
lowering of the HOB position. Larger changes in peri-infarct

hemisphere are presumably due to damaged cerebral auto-
regulation and are observed in both types of responses. The
existence of the paradoxical response is an indicator for the
potential usefulness of a bed-side monitor for individualized
stroke care. In control populations [2, 113], both hemi-
spheres behaved identically during the postural challenge, as
expected. The example illustrates that diffuse optical instru-
mentation can be deployed at the neuro-intensive unit to di-
rectly monitor injured tissues.

Cerebral Metabolic Rate of Oxygen Consumption
(CMRO,) Estimates in Premature Infants. Roche-Labarbe et
al [60] conducted experiments utilizing DCS in premature
born infants (n = 11) and validated its use against transcrani-
al Doppler ultrasound (TCD) measurements. In the report,
the authors also demonstrated 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 multiple positions on the head and on a
weekly basis for the first six weeks of life as shown in Fig.

(10).

Interestingly, the total hemoglobin concentration and the
blood oxygen-saturation (StO,) decrease as the premature
born infant matures over time. This is contrary to the in-
creasing CBF as measured by DCS. Total hemoglobin con-
centration was converted to cerebral blood volume (CBV)
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utilizing a simple model, however, no trend was evident for
CBYV over time. Furthermore, making use of CBV to derive
CMRO,, as is done in NIRS-only approach, shows that both
CBYV and CMRO, appear unaltered over time. Conversely, if
CMRO, is derived using NIRS-DCS hybrid data a linear
increase with time is observed. This qualitatively agrees with
physiological expectations dictating that CBF increases as
StO, decreases; that is, oxygen utilization as well as oxygen
metabolism should be increasing with the infant’s age.

The authors argued that these findings demonstrate the
robustness of the NIRS-DCS combined model (notice large
error bars in sub-Fig. (10f)), which might be expected as this
model relies on fewer approximations than the NIRS-only
model [114]. Combining these results with other recent re-
ports [96] of DCS-NIRS used in neonates to estimate
CMRO,, current research demonstrates the feasibility and
importance of concurrent DCS and NIRS measurements.

3.3. Hemodynamic Evaluation of Ischemic Muscle and
Revascularization Therapy

In situ quantification of the oxygen supply (blood flow)
and metabolism in skeletal muscles with noninvasive optical

methods has important clinical implications for understand-
ing muscle physiology, screening of muscle vascular diseas-
es such as the peripheral arterial disease (PAD), and evalua-
tion of hemodynamic improvements in ischemic muscles
after revascularization therapy. In a pilot study DCS was
applied on human skeletal muscles, where the issues of light
penetration and flow measurement sensitivity to deep muscle
tissues were addressed experimentally by investigating tissue
layer responses during prolonged cuff occlusion [4]. PAD
and healthy legs were examined in terms of their different
hemodynamic responses. Very recently, DCS was also used
for continuous monitoring of acute hemodynamic improve-
ments in ischemic muscles during arterial revascularization
in patients with severe PAD. The results from these studies
are described in this subsection.

Skeletal Muscle Layer Responses. A hybrid fiber-optic
probe (see Fig. (11a) and Fig. (4a)) was taped on the top of
calf muscle. The source-detector separations were 0.5, 1, 2,
and 3 cm for DCS flow measurement, and 0.5, 1.5, and 4.0
cm for NIRS oxygenation measurement. According to diffu-
sion theory, the light penetration depth depends on the tissue
optical properties as well as source-detector separation. The
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penetration depth is typically in the order of one-third to one-
half of the source-detector separation from the tissue surface.

Measurements were taken on ten healthy subjects and
one patient with PAD. A 3-minute cuff occlusion protocol
was used to investigate the responses in skeletal muscles at
different layers in order to estimate light penetration depth
and to validate results in the ischemic states. A Skinfold cal-
iper was used to mechanically measure the thickness of the

upper layers (skin and adipose tissues) on top of the muscle.
The thickness of the upper layers above the leg flexors was
5.5+ 0.4 mm (n = 10). Therefore, the optical signals detect-
ed from the large separations (> 2 cm) are mainly from the
deep calf muscle.

Fig. (11) shows the typical responses of relative blood
flow (rBF) and blood oxygen saturation (StO,) during leg
arterial occlusion from the different source-detector pairs on
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a healthy individual. Source-detector pairs with large separa-
tions (> 2 cm) showed significantly stronger hemodynamic
responses than those from the shortest source-detector sepa-
rations (0.5 cm), consistent with the larger responses ex-
pected for muscle tissue as compared to the upper layers.
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Fig. (11). (a) Cuff occlusion and the probe positioning. Representa-
tive curves of (b) relative blood flow (rBF) and (¢) tissue blood
oxygen saturation (StO,) as function of time during arterial cuff
occlusion. Data are shown from different source-detector pairs
measured on a healthy leg. Vertical lines indicate the beginning and
end of the occlusion period. Stronger reactive hyperemia after the
release of occlusion, and de-oxygenation during occlusion were
derived from source-detector pairs with larger separations. This
figure is reproduced from Fig. (3) in Reference [4].

For healthy volunteers, similar responses were produced
during cuff occlusion of the leg flexor muscles (see Fig.
(11)). Trends in the PAD patient hemodynamic response
(data not shown) were found to be similar to those of the
healthy volunteers. Also, the arm muscles of healthy controls
compared with that of the patient (data not shown) did not
reveal any difference in their responses. However, in the
PAD patient leg muscle, the relative magnitude of reactive
hyperemia was ~1/2x of the controls and the recovery half-
time of both StO, and rBF after occlusion were ~3x those of
the controls.
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Further investigations would test the capability of diffuse
optical techniques for the screening and diagnosis of PAD.
The community has also begun to consider DCS measure-
ment during exercise, but these measurements can have mo-
tional artifacts; better understanding and characterization of
these motional artifacts are needed.

Intraoperative Evaluation of Revascularization Effect on
Ischemic Muscle. A portable DCS flow-oximeter (see Fig.
(3¢)) was recently used to continuously monitor flow and
oxygenation changes in ischemic calf muscle throughout
arterial revascularization at the bedside inside the operating

‘rooms [81]. Prior to surgery, a fiber-optic probe (see Fig.

(11a) and Fig. (4a)) was sterilized and taped on the surface
of the calf muscle. The separation between the source and
detector fibers was 2.5 cm. Calf muscle blood flow and oxy-
genation were continuously recorded before, during, and
after the revascularization process. After revascularization,
the relative change of blood flow (rBF), oxy-hemoglobin
concentration A[HbO,], and deoxy-hemoglobin concentra-
tion A[Hb] were averaged for 20 minutes and compared to
the averaged 10-minute pre-revascularization baseline in
order to evaluate the hemodynamic improvements in the calf
muscle.

Fig. (12) shows a typical calf muscle hemodynamic re-
sponse in a patient with PAD during femoroarterial bypass
graft. When the femoral artery was clamped during the re-
placement of the occluded vessel, calf rBF decreased signifi-
cantly, causing a gradual decrease/increase  in
A[HbO,]/A[Hb]. The optical measurements demonstrate high
sensitivity to dynamic physiological events (e.g., arterial
clamping and releasing). The repair of the macro-circulation
by revascularization resulted in the immediate blood flow
improvement in muscle microvasculature. This result indi-
cates an evident potential for objectively assessing the suc-
cess of lower limb revascularization using diffuse optical
techniques.

4. SUMMARY

The development and application of diffuse correlation
spectroscopy (DCS) have been reviewed in this paper. DCS
is an emerging technology which allows for the continuous
detection of blood flow in deep tissues. In a relatively short
time, the technique has been adopted by several research
groups around the world from its theoretical conception to
multiple clinical applications at the patient’s bedside. DCS
measurements show promise for the diagnosis of various
diseases such as cancers, cerebral diseases, and PAD, and
have potential for early prediction and longitudinal assess-
ment of individual therapy outcomes.

DCS has many important advantages over one-time im-
aging modalities (e.g., MRI, PET, CT) in terms of being
noninvasive, flexible, rapid, portable, inexpensive and con-
tinuous. It can be combined with other modalities such as
near-infrared spectroscopy or tomography, MRI, PET, and
CT. Preliminary results suggest that there are no adverse
effects to patient populations as a result of these optical
measurements. However, it should be noted that previous
DCS experiments in humans used small patient populations
for short time frames (up to several weeks). Longitudinal
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Fig. (12). Typical hemodynamic responses in calf muscle during femoral artery bypass graft: (a) rBF. (b) A[HbO,] and A[Hb].

studies in large populations are needed to transfer this new
technique into routine clinical use.

Some questions still remain unanswered about the DCS
technique as applied to living tissue. For example, the inter-
action of photons with moving red blood cells in the com-
plex environment of the tissue microvasculature is not com-
pletely understood. As such, a quantitative microscopic ex-
planation about why Brownian-motion like autocorrelation
curves work so effectively is still sought by researchers in
the field. While empirical approaches to defining blood flow
indices have been adopted and extensively cross-validated, it
remains desirable to generate a more fundamental under-
standing of the origins of this blood flow index. Motion arti-
facts represent another issue of importance for certain classes
of studies, e.g., blood flow measurements during muscle
exercise. Better characterization and modeling of motion
artifacts are needed. It is expected, however, that with further
improved physical understanding and with more clinical
applications, DCS technology will emerge rapidly as the
technique of choice for clinical investigation of hemodynam-
ic responses.
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