
Chapter 9
Coherent Hemodynamics Spectroscopy:
A New Technique to Characterize
the Dynamics of Blood Perfusion
and Oxygenation in Tissue

Sergio Fantini, Kristen T. Tgavalekos, Xuan Zang and Angelo Sassaroli

Abstract Hemodynamic-based neuroimaging techniques such as near-infrared
spectroscopy (NIRS) and functional magnetic resonance imaging (fMRI) are directly
sensitive to the blood volume fraction and oxygen saturation of blood in the probed
tissue. The ability to translate such hemodynamic and oxygenation measurements
into physiological quantities is critically important to enhance the effectiveness of
NIRS and fMRI in a broad range of applications aimed at medical diagnostic or func-
tional assessment. Coherent hemodynamics spectroscopy (CHS) is a novel technique
based on the measurement (with techniques such as NIRS or fMRI) and quantitative
analysis (with a novel mathematical model) of coherent hemodynamics in living
tissues. Methods to induce coherent hemodynamics in humans include controlled
perturbations to the mean arterial pressure by paced breathing or by timed infla-
tions of pneumatic cuffs wrapped around the subject’s legs. A mathematical model
recently outlined translates coherent hemodynamics into physiological measures of
the capillary and venous blood transit times, cerebral autoregulation, and cerebral
blood flow. A typical method to analyze the optical signal from non-invasive NIRS
measurements of the human brain is the modified Beer-Lambert law (mBLL), which
does not allow the discrimination of hemodynamics taking place in the scalp and skull
from those occurring in the brain cortex. A hybrid method using continuous wave
NIRS (with the mBLL) together with frequency-domain NIRS (with a two-layer
diffusion model) was successfully used to discriminate oscillatory hemodynamics in
the superficial (extracerebral) tissue layer from that in deeper, cerebral tissue.
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9.1 Hemodynamic-Based Neuroimaging Techniques

With a few exceptions (for example evoked potential tests), functional neuroimaging
techniques do not directly measure neural activation; they are sensitive to hemo-
dynamic and metabolic changes associated with brain activity. For example near
infrared spectroscopy (NIRS) and functional magnetic resonance imaging (fMRI)
are two of the prominent hemodynamic-based neuroimaging techniques. The first
one measures the concentrations of oxy- and deoxy-hemoglobin in brain tissue,
whereas the latter measures a blood oxygenation level dependent (BOLD) signal
that is mostly associated with the concentration of deoxy-hemoglobin in brain tissue
and with cerebral blood volume. To assess brain function with these neuroimaging
techniques, one needs to characterize the relationship between neural activation and
hemodynamic responses, as well as how these hemodynamic responses translate into
the measured signals. Noteworthy hemodynamic models proposed in the literature
to address these questions include the oxygen diffusion limitation model [1] and a
windkesselmodel [2]. The formermodelwas proposed to account for the large imbal-
ance, observed with positron emission tomography (PET), between blood flow and
oxygen consumption changes associated with brain activation. The latter model was
introduced to specify the relationship between the dynamics of blood flow and blood
volume. These general models were pioneering contributions whose approaches can
be adapted to any hemodynamic-based neuroimaging techniques.

Near-infrared spectroscopy (NIRS) is a non-invasive optical method that operates
in the 600-900 nm wavelength diagnostic spectral window range. In this wavelength
range, oxy-hemoglobin and deoxy-hemoglobin are the main absorbers in tissue,
together with some absorption contributions from water and lipids. NIRS has found
a variety of applications to the brain, both for functional studies [3–5] and for clinical
feasibility [6] in areas such as anesthesiology [7], neurological critical care [8, 9],
and electroconvulsive therapy [10]. The spatial and temporal correlations between
the BOLD fMRI and the optical NIRS signals elicited by brain activation have been
demonstrated in a number of studies [11–14]. Several hemodynamic models have
been proposed in the NIRS field, most of them requiring the solution of complex
systems of differential equations with many unknown parameters [15–18]. We have
recently developed a mathematical model to relate the tissue concentration and sat-
uration of hemoglobin, as measured with NIRS and fMRI, to blood flow, blood
volume, and oxidative metabolism [19, 20]. This mathematical model is analytical,
and therefore relatively simple and computationally inexpensive.

Recently, we have introduced a novel technique, coherent hemodynamics spec-
troscopy (CHS), for quantitative studies of tissue hemodynamics based on data col-
lected with NIRS or fMRI [19]. The CHS technique is based on the application
of our mathematical model to measured coherent hemodynamics, which may be
occurring spontaneously or may be induced by controlled systemic perturbations to
the mean arterial blood pressure. In Sect. 9.2, we describe the basic ideas and the
general formulation of our mathematical hemodynamic model and of the new CHS
technique.
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In NIRS, the relative dynamics of oxy- and deoxy-hemoglobin concentrations are
usually obtained from the intensity signals measured at a minimum of two wave-
lengths by applying the modified Beer-Lambert law (mBLL) [21, 22]. Unlike diffu-
sion theory, the mBLL, which has also been used to investigate photon migration in
tissues, does not require highly scattering conditions. Nevertheless, the mBLL is fun-
damented on two key assumptions: (1) the changes in optical intensity are only due
to tissue absorption changes; (2) the absorption changes are uniformly distributed
within tissue. While the first assumption is often fulfilled to a good approximation,
the second one is more questionable and may be violated in a number of cases. For
example, brain activation elicited in a number of functional protocols is spatially
localized, and so are the associated hemodynamic changes measured with NIRS.
Hence, it would be relevant to release the homogeneous absorption changes assump-
tion and instead use a light propagation model that considers (at least partially) the
human head complex geometry and the heterogeneous hemodynamics associated
with in vivo brain perfusion.

In addition to the physiological heterogeneity intrinsic of living tissue, there is
also an issue of anatomical heterogeneity, which is particularly critical in the case of
non-invasive NIRSmeasurements that aim to sense brain tissue with an optical probe
placed on the scalp surface. To a first approximation, the human head may be repre-
sented by a set of tissue layers such as scalp, skull, subarachnoid space, brain cortex,
etc. In the literature, a two-layered diffusion model has been used for measuring the
baseline optical properties of two effective tissue layers, the first one representing the
scalp and skull (the extracerebral tissue), and the second one representing the brain
[23–25]. Short source-detector separations (~0.5 cm) can be introduced in NIRS to
provide a reference signal that is representative of the superficial hemodynamics in
the scalp and skull, and that is used to regress out superficial-tissue contributions from
the optical signal measured at longer (~3 cm) source-detector separations [26–29].
Here, we apply a two-layer diffusion model to multi-distance, frequency-domain
NIRS data to estimate the baseline optical properties of extra-cerebral and cerebral
tissue layers, as well as the thickness of the extra-cerebral layer. Then, we use phasor
analysis, in conjunction with an estimate of the mean partial optical pathlength in the
two layers, to assess the induced oscillatory hemodynamics (frequency: 0.059 Hz
in this work) in the extra-cerebral and cerebral tissues from continuous wave NIRS
measurements at short (8 mm) and long (38 mm) source-detector separations. The
two-layer diffusion model and our approach to two-layer hemodynamics assessment
are outlined in Sect. 9.3, experimental methods are described in Sect. 9.4, and rep-
resentative results on a human subject are reported in Sect. 9.5.
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9.2 Coherent Hemodynamics Spectroscopy
for the Quantitative Assessment of Cerebral
Hemodynamics

9.2.1 Notation for the Tissue Concentrations of Oxy-
and Deoxy-Hemoglobin

Aswe have seen above, NIRS and fMRI are mostly sensitive to the concentration and
oxygen saturation of hemoglobin in blood-perfused tissues. Therefore, to quantita-
tively describe the tissue hemodynamics as measured by NIRS and fMRI, one needs
to consider the temporal evolution of the concentrations of oxy-hemoglobin and
deoxy-hemoglobin in tissue. The standard notation for oxy- and deoxy-hemoglobin
concentrations is, respectively, [HbO2] and [Hb], or [O2Hb] and [HHb], but we will
use here a single-letter notation of O and D. Dynamic changes in O and D are con-
sidered in the time domain and in the frequency domain. In the time domain, the
temporal evolution of changes from baseline or steady-state values (O0 and D0) are
indicated as �O(t) and �D(t). In the frequency domain, sinusoidal changes at any
frequency ω are indicated with bold-face phasor notation, O(ω) and D(ω), where
these phasors are two-dimensional vectors whose amplitude and phase represent the
amplitude and phase of the corresponding sinusoidal oscillations [30]. Representative
time traces of �O(t) and �D(t) are reported in a general case of arbitrary temporal
dynamics in Fig. 9.1a, and in a case of quasi sinusoidal oscillations in Fig. 9.1b. The
inset of Fig. 9.1b shows the phasor representation of the oscillatory hemodynamics
of oxy- and deoxy-hemoglobin concentrations.

Because hemoglobin concentration dynamics are driven by perturbations in three
physiological quantities, namely blood volume, blood flow, and metabolic rate of
oxygen, we introduce subscripts V , F, and Ȯ to indicate the contributions to O
and D dynamics from these three physiological sources, respectively. A lack of
subscript indicates the overall hemoglobin concentration dynamics resulting from
all physiological sources.

We introduce a symbol SV for the average oxygen saturation of the hemoglobin
in the vascular compartment(s) whose volume fraction features dynamic changes.
SV is defined as follows:

SV � �OV (t)

�OV (t) + �DV (t)
, (9.1)

where SV is considered to be a constant under the assumption that the volume-
varying vascular compartment has a well-defined and constant average saturation, at
least over time scales of typical observation times.

It has been previously shown that techniques that are solely sensitive to the tissue
concentrations of oxy- and deoxy-hemoglobin (such as NIRS and fMRI) are unable
to discriminate the contributions of blood flow and metabolic rate of oxygen to
the dynamic changes in O and D [20]. Therefore, we consolidate dynamic changes
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Fig. 9.1 Representative
time traces of dynamic
changes in oxy-hemoglobin
and deoxy-hemoglobin
concentrations (�O(t) and
�D(t)). a Arbitrary
dynamics, b oscillatory
dynamics at a well-defined
frequency. The inset of panel
(b) shows the phasor
representation of the quasi
sinusoidal oscillations of
oxy- and deoxy-hemoglobin
concentrations (O and D)
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due to blood flow and metabolic rate of oxygen according to the following notation:
�OF,Ȯ(t) and�DF,Ȯ(t) in the time domain,OF,Ȯ(ω) andDF,Ȯ(ω) in the frequency
domain.

We also introduce notation for the physiological dynamics associated with cere-
bral blood volume (CBV), cerebral blood flow (CBF), and cerebral metabolic
rate of oxygen (CMRO2). We use lower-case notation to indicate the dimen-
sionless, relative dynamics with respect to baseline values (in the time
domain) or average values (in the frequency domain), which are indicated
with a 0 subscript. Explicitly, cbv(t) � (CBV(t) − CBV0)

/
CBV0, cbf(t) �

(CBF(t) − CBF0)
/
CBF0, cmro2(t) � (

CMRO2(t) − CMRO2|0
)/

CMRO2|0 in
the time domain, and cbv(ω) � CBV(ω)

/
CBV0, cbf(ω) � CBF(ω)

/
CBF0,

cmro2(ω) � CMRO2(ω)
/
CMRO2|0, in the frequency domain.

9.2.2 Time Domain Representation

According to the notation introduced in Sect. 9.2.1, we can write:

�O(t) � �OV (t) + �OF,Ȯ(t), (9.2)

�D(t) � �DV (t) + �DF,Ȯ(t), (9.3)
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and from (9.1) it immediately follows that:

(1 − SV )�OV (t) � SV�DV (t). (9.4)

Equation (9.4) states that the volume-driven changes �OV (t) and �DV (t) are
synchronous and proportional to each other, with a constant of proportionality that is
determined by the average oxygen saturation of the volume-varying vascular com-
partment(s).

Because blood flow and metabolic rate of oxygen dynamics solely affect the rate
of oxygen removal from hemoglobin, which in turn transform oxy-hemoglobin into
deoxy-hemoglobin, it follows that:

�OF,Ȯ(t) � −�DF,Ȯ(t). (9.5)

Equation (9.5) states that the dynamic changes�OF,Ȯ(t) and�DF,Ȯ(t) resulting
from blood flow and metabolic rate of oxygen changes are also proportional to each
other, with a proportionality factor of −1.

Equations (9.2)–(9.5) provide relationships between the overall oxy- and deoxy-
hemoglobin concentration dynamics (�O(t),�D(t)) and their components due to
blood volume changes (�OV (t),�DV (t)) or to blood flow and metabolic rate of
oxygen changes

(
�OF,Ȯ(t),�DF,Ȯ(t)

)
. In order to translate dynamic measure-

ments of hemoglobin concentration into measurements of the underlying changes in
blood volume cbv(t)), blood flow (cbf(t)), and metabolic rate of oxygen (cmro2(t)),
one needs to specify the relationship between hemoglobin concentration and physi-
ological quantities. This critical point is addressed in Sect. 9.2.4.1.

9.2.3 Frequency Domain Representation

The time-domain representationprovidedby (9.2)–(9.5) is expressedby the following
phasor equations in the frequency domain:

O(ω) � OV (ω) +OF,Ȯ(ω), (9.6)

D(ω) � DV (ω) + DF,Ȯ(ω), (9.7)

(1 − SV )OV (ω) � SVDV (ω). (9.8)

OF,Ȯ(ω) � −DF,Ȯ(ω). (9.9)

Equation (9.8) states that the volume-driven oscillationsOV (ω) andDV (ω) are in
phase and their relative amplitude can be determined by the average oxygen saturation
of the volume-oscillating vascular compartment(s). Equation (9.9) states that the
dynamic oscillationsOF,Ȯ(ω) andDF,Ȯ(ω) resulting from blood flow andmetabolic
rate of oxygen oscillations are in opposition of phase and have the same amplitude.
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Fig. 9.2 Phasor decomposition of measured oscillations of oxy-hemoglobin (O) and deoxy-
hemoglobin (D) concentrations, into their components due to blood volume (OV and DV) and
the combination of blood flow and oxygen consumption (OF,Ȯ and DF,Ȯ) oscillations. The cere-
bral blood volume phasor (cbv) is in phase with OV, whereas the blood flow and metabolic rate
of oxygen phasor (cbf − cmro2) leads OF,Ȯ by the angle indicated in the figure (as described in
Sect. 9.2.4.2)

Wehighlight the elegance of the phasor representation of (9.6)–(9.9) by illustrating
how these equations can be solved graphically. The system of (9.6)–(9.9) is a set of
four phasor equations, i.e. four 2-Dvector equations,which correspond to eight scalar
equations. Considering that O(ω) and D(ω) are measurable quantities (certainly
both of them with NIRS), this set of equations contains nine unknowns: the two
phasor components of each of OV , OF,Ȯ , DV , and DF,Ȯ , and the scalar quantity
SV . Therefore, the number of unknowns exceeds the number of equations by one
[31]. To solve this system of equations one may assume a value for SV , which has
an upper limit given by the arterial saturation (say, 1) and a lower limit given by
the lowest venous saturation (say, 0.5 under normal conditions at rest, but possibly
lower under special conditions). In Fig. 9.2, we illustrate how to solve the system
of (9.6)–(9.9) under the assumption that SV � 0.65. The measured phasors O and
D are combined by phasor addition into O +D, which represents the phasor of total
hemoglobin concentration. Because of (9.9), onlyOV and DV contribute to the total
hemoglobin concentration phasor (since OF,Ȯ + DF,Ȯ � 0), and (9.8) specifies that
OV and DV are in phase with each other and therefore with O + D. As a result, OV

and DV are aligned with O + D and the magnitude of OV is SV (or 0.65) times the
magnitude of O + D whereas DV is 1 − SV (or 0.35) times O + D. From (9.6) and
(9.7) it follows that OF,Ȯ is the vector from the tip of OV to the tip of O, and DF,Ȯ
is the vector from the tip of DV to the tip of D.OF,Ȯ and DF,Ȯ are translated to start
at the origin in Fig. 9.2, to show that they are opposite to each other, as per (9.9).

Figure 9.2 shows how, from the measured phasors (i.e. oscillations) of oxy- and
deoxy-hemoglobin concentrations, one can find the phasor component associated
with blood volume oscillations, and the phasor component associated with blood
flow and metabolic rate of oxygen oscillations. Now, similar to the time-domain
case, the key missing piece to translate oscillations of hemoglobin concentration
into oscillations of physiological quantities is knowledge of the relationships between
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OV (ω) and cbv(ω), and betweenOF,Ȯ(ω) and cbf(ω), cmro2(ω). This critical point
is addressed in Sect. 9.2.4.2.

9.2.4 A Hemodynamic Model to Relate Hemoglobin
Concentrations to Physiological Quantities

Amathematical model has been recently developed to derive analytical relationships
between the concentrations of oxy- and deoxy-hemoglobin concentrations in tissue,
and the key physiological quantities (blood volume, blood flow, and metabolic rate
of oxygen) that determine the steady-state values and drive dynamic changes in the
concentrations of oxy- and deoxy-hemoglobin in living tissue [19, 20]. This model
relies on the fact that every red blood cell, and the hemoglobin molecules it contains,
must travel from an arterial compartment (which delivers blood to tissue), through
a capillary compartment (including small arterioles, where oxygen exchange from
blood to tissue occurs), to a venous compartment (which drains blood from tissue).
Because oxygen diffusion from blood to tissue only occurs at the capillary level (here
we include in the capillary compartment the smaller arterioles that are also involved
with oxygen diffusion), the model treats the oxygen desaturation of blood according
to just two parameters: the mean capillary transit time (t(c)) and the rate constant
of oxygen diffusion from capillary blood to tissue (α). Dynamic perturbations to
either parameter (changes in blood flow velocity for t(c), changes in metabolic rate
of oxygen for α) cause dynamic perturbations to the oxygen saturation of capillary
blood, which propagate to the venous compartment according to another key model
parameter, the venous blood transit time (t(v)). We observe that while t(c) is a well-
defined parameter, independent of the tissue volume sampled (as long as it includes
the entire capillary compartment, which has linear dimensions of 1 mm or less), t(v)

monotonically increases with the volume of probed tissue, because longer and longer
venous drainage vessels are included in larger and larger probed volumes.

The model derives the dynamic effects of ideal step changes in blood volume,
blood flow velocity, and metabolic rate of oxygen to the tissue concentrations of oxy-
and deoxy-hemoglobin, and translates them to general perturbations with transfer
function analysis, i.e. by considering the microvasculature as a linear, time-invariant
system. In this approach, the microvascular system (for which dynamics in blood
volume, bloodflow, andmetabolic rate of oxygen are the input, and the concentrations
of oxy- and deoxy-hemoglobin are the output) is fully described by impulse response
functions in the time domain, and by transfer functions in the frequency domain.

Because of the relationships between dynamic changes in oxy- and deoxy-
hemoglobin, expressed by (9.2)–(9.5) in the time domain and by (9.6)–(9.9) in the
frequency domain, we only need to specify the effects of blood volume, blood flow,
and metabolic rate of oxygen on the concentration of one hemoglobin species, say
oxy-hemoglobin. This iswhatwe report in Sects. 9.2.4.1 for arbitrary hemodynamics,
and in Sect. 9.2.4.2 for oscillatory hemodynamics.
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9.2.4.1 Time-Domain Relationships

The contribution of oxy-hemoglobin concentration changes due to blood volume
dynamics (�OV ) is written as follows [19]:

�OV (t) �ctHb
[
S(a)CBV(a)

0 cbv(a)(t) +
〈
S(c)

〉F (c)CBV(c)
0 cbv(c)(t)

+ S(v)CBV(v)
0 cbv(v)(t)

]
(9.10)

being ctHb the blood hemoglobin concentration, S is the oxygen saturation of
hemoglobin, CBV0 is the baseline blood volume, cbv(t) is the relative blood volume
change (with respect to baseline), F (c) is the Fåhraeus factor (the ratio of capillary
to large vessel hematocrit), and superscripts (a), (c), and (v) specify the arterial, cap-
illary, and venous vascular compartments, respectively. Equation (9.10) shows that
blood volume dynamics result in instantaneous changes in oxy-hemoglobin concen-
tration, through proportionality factors expressed in terms of the concentration and
oxygen saturation of hemoglobin in blood.

The contribution of oxy-hemoglobin concentration changes (�OF,Ȯ ) due to blood
flow and metabolic rate of oxygen dynamics can be expressed as [19]:

�OF,Ȯ (t)

� ctHb

[ 〈
S(c)

〉

S(v)

(〈
S(c)

〉 − S(v)
)F (c)CBV(c)

0 h(c)
RC−LP (t) +

(
S(a) − S(v)

)
CBV(v)

0 h(v)
G−LP (t)

]

∗ (cbf(t) − cmro2(t)) (9.11)

The ∗ is here indicating a convolution product, cbf(t) and cmro2(t) are the rel-
ative blood flow and metabolic oxygen rate changes (with respect to baseline), and
h(c)
RC−LP(t) and h(v)

G−LP(t) are the impulse response functions that describe the low-
pass (LP) effects related to the microcirculation in the capillary and venous vascular
compartments, respectively.

The capillary impulse response function is approximated by that of a low-pass
resistor-capacitor (RC) circuit equivalent:

h(c)
RC−LP(t) � u(t)

1

τ (c)
e−t/τ (c)

, (9.12)

where u(t) is the unit step function (which is 0 for a negative argument, and 1 for a
positive or zero argument) and τ (c) is the capillary time constant (τ (c)) that is related
to t (c) as follows:

τ (c) � t (c)

e
. (9.13)

The venous impulse response function is approximated by that of a time-shifted
Gaussian low-pass filter:
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h(v)
G−LP(t) � 1

t (v)r

e
−π

(
t−t (v)0.5

)2
/
(
t (v)r

)2

, (9.14)

where t (v)0.5 is the time-shift constant and t (v)r is the time-width constant. These two
time constant are close to each other, since t (v)0.5 � (5/6)t (v)r . If we identify t (v)0.5 with
the venous time constant (τ (v)), one finds that τ (v) is the mean of the capillary and
venous blood transit times:

τ (v) � t (c) + t (v)

2
. (9.15)

This treatment shows that any dynamic changes in blood flow or metabolic rate of
oxygen result in delayed and temporally spread changes in the tissue concentrations
of oxy- and deoxy-hemoglobin. These temporal effects occur on a time scale that
is determined by the capillary and venous blood transit times (as specified by the
capillary and venous time constants in (9.13) and (9.15)), and is analytically reflected
in the convolution product of (9.11).

9.2.4.2 Frequency-Domain Relationships

The oxy-hemoglobin phasor (OV ) that describes oxy-hemoglobin dynamics due to
sinusoidal oscillations of blood volume at angular frequency ω is written as follows
[19]:

OV (ω) � ctHb
[
S(a)CBV(a)

0 cbv(a)(ω) +
〈
S(c)

〉F (c)cbv(c)(ω)

+ S(v)CBV(v)
0 cbv(v)(ω)

]
(9.16)

where cbv(ω) is the relative blood volume phasor (normalized to the mean value of
blood volume), and we use the same notation as in (9.10). Equation (9.16) shows that
blood volume oscillations cause in-phase oscillations of oxy-hemoglobin concentra-
tion. In fact, OV and the blood volume phasors are linked by a linear relationship
with all real and positive coefficients that are expressed in terms of the concentration
and oxygen saturation of hemoglobin in blood.

The oxy-hemoglobin phasor (OF,Ȯ ) that describes oxy-hemoglobin dynamics due
to sinusoidal oscillations of blood flow and metabolic rate of oxygen is written as
follows [19]:

OF,Ȯ(ω) � ctHb

[〈
S(c)

〉

S(v)

(〈
S(c)

〉 − S(v)
)F (c)CBV(c)

0 H(c)
RC−LP(ω)

+
(
S(a) − S(v)

)
CBV(v)

0 H(v)
G−LP(ω)

]
[cbf(ω) − cmro2(ω)] (9.17)
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where cbf(ω) and cmro2(ω) are the relative blood flow and metabolic rate of oxy-
gen phasors (normalized to the corresponding mean values), and H(c)

RC−LP(ω) and

H(v)
G−LP(ω) are the transfer functions that describe the low-pass (LP) effects associ-

ated with the microcirculation in the capillary and venous vascular compartments,
respectively. Notice that the convolution product in the time domain (9.11) is replaced
by a regular product in the frequency domain (9.17).

The capillary and venous transfer functions are given by the Fourier transform
of the capillary and venous pulse response functions given in (9.12) and (9.14),
respectively:

H(c)
RC−LP(ω) � 1

1 + iωτ(c)
, (9.18)

H(v)
G−LP(ω) � e−0.11[ωτ(v)]2e−iωτ(v)

. (9.19)

The low-pass transfer functions of (9.18) and (9.19) have a negative phase of
−tan−1

(
ωτ(c)

)
and −ωτ(v), respectively. Therefore, (9.17) shows that the phase of

OF,Ȯ is more negative than that of cbf − cmro2; in other words, the oscillations
of oxy-hemoglobin concentration trail the driving oscillations of blood flow and
metabolic rate of oxygen. This is the reason that the phasor cbf(ω) − cmro2(ω) is
not aligned (i.e. in phase) with the phasor OF,Ȯ in Fig. 9.2, and (9.17) specifies the
phase angle (indicated in Fig. 9.2) between these two phasors. This phase lag is the
frequency-domain equivalent of the delay between dynamic changes in the tissue
concentration of oxy-hemoglobin and the driving changes in CBF or CMRO2 that
were observed in the time-domain case in relation to (9.11).

9.2.4.3 Modeling Cerebral Autoregulation

Cerebral autoregulation is the homeostatic regulation of cerebral blood flow that
maintains a relatively constant brain perfusion under conditions of variable mean
arterial pressure. Because relatively fast blood pressure changes (on a time scale
of less than one second) do not typically result in effective autoregulation, whereas
slower blood pressure changes are effectively compensated by cerebrovascular resis-
tance changes, autoregulation is often modeled with high-pass filters. Such filters are
usually applied to linear systems that consider arterial blood pressure as the input
and cerebral blood flow as the output. In cases where continuous arterial blood pres-
sure measurements are not available, we have considered a high-pass filter between
cerebral blood volume (the input) and cerebral blood flow (the output). Of course,
cerebral blood volume is not necessarily a suitable surrogate for mean arterial pres-
sure. However, blood volume measured by NIRS is mostly representative of the
microvasculature, with greater contributions from the more compliant venous com-
partments, and it was reported that dynamic NIRS measurements of blood volume
closely match (except from a slight delay) mean arterial pressure traces [32].
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In the time domain, the relationship between blood volume and blood flow is:

cbf(t) � kh(AR)
RC−HP(t) ∗ cbv(t), (9.20)

where k is a constant and h(AR)
RC−HP(t) is the high-pass (HP) impulse response function,

approximated here by the one for a high-pass resistor-capacitor (RC) equivalent
electrical circuit:

h(AR)
RC−HP(t) � δ(t) − u(t)

1

τ (AR)
e−t/τ (AR)

, (9.21)

where u(t) is the unit step function and τ (AR) is the time constant for autoregulation.
The corresponding frequency-domain relationships, expressed in phasor notation

and invoking the autoregulation transfer function, given by the Fourier transform of
(9.21), are:

cbf(ω) � kH(AR)
RC−HP(ω)cbv(ω), (9.22)

H(AR)
RC−HP(ω) � iωτ(AR)

1 + iωτ(AR)
. (9.23)

The high-pass transfer function of (9.23) has a positive phase of tan−1(1/(ωτ(c))).
Therefore, (9.22) shows that the phase of cbf ismore positive than that of cbv; in other
words, CBF oscillations lead CBV oscillations. This is reflected in the time domain
by the fact that higher frequencies (corresponding to temporal features having faster
time scales) are retained by the high pass filter. Therefore, peak values of dynamic
changes are reached at earlier times for cbf(t) than for cbv(t).

9.2.5 Coherent Hemodynamics Spectroscopy (CHS)

The above Sects. 9.2.1–9.2.4 provide the conceptual framework for the novel tech-
nique of coherent hemodynamics spectroscopy, or CHS [19]. CHS is based on coher-
ent hemodynamics that allow for considering, at least to a first approximation, the
microvasculature to behave as a linear time invariant system. The basic assumption
is that, over the observation period, there is a high level of coherence between the
driving physiological dynamics of blood volume, blood flow, and metabolic rate of
oxygen, and the resulting, measurable dynamics of oxy- and deoxy-hemoglobin con-
centrations in tissue. Under these conditions, the above analytical treatment holds,
and one can perform quantitative CHS measurements either in the time domain
(considering general temporal dynamics such as those illustrated in Fig. 9.1a) or in
the frequency domain (considering oscillatory dynamics such as those illustrated in
Fig. 9.1b).
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Quantitative CHS allows for the determination of a number of physiological
quantities related to tissue perfusion, oxygenation, and hemodynamics that can
find significant applications in diagnostic or functional studies of living tissue. For
example, we have shown the ability of CHS to measure the cerebral capillary tran-
sit time in hemodialysis patients and healthy controls [33], the cutoff frequency
for autoregulation in healthy subjects under normal breathing conditions and dur-
ing hyperventilation-induced hypocapnia [34], and the absolute value and relative
dynamics of cerebral blood flow [35].

9.3 Hybrid Method Based on Two-Layer Diffusion Theory
and the Modified Beer-Lambert Law to Study Cerebral
Hemodynamic Oscillations

As discussed in Sect. 9.1, some tissues cannot be assumed to be optically homoge-
neous when measured with non-invasive NIRS from the tissue surface. In particular,
the human head features tissue layers such as the scalp, skull, duramater and subdural
space, arachnoid mater and subarachnoid space, grey matter and white matter. These
different tissue types are characterized by different optical properties (i.e. absorption
and reduced scattering coefficients) that must be taken into account to accurately
describe light propagation from the illumination to the collection points. There is a
vast literature related to diffusive layeredmodels that can be classified into theoretical
or phantom studies [36–39], and in vivo studies [23–25]. These studies were aimed
at measuring either the absolute optical properties of layered tissue-like phantoms
or the baseline (i.e. steady state) optical properties of layered biological tissues.

In addition to the study of steady state conditions, it is important to apply two or
multi-layered models also for studying small perturbations in the optical properties
of heterogeneous tissues such as those associated with cerebral and extra-cerebral
hemodynamic changes, either spontaneous or induced. In particular, we could apply
diffusive layered models to analyze CHS data and extract the relevant physiological
parameters that pertain to the brain. However, due to signal-to-noise considerations,
detecting small hemodynamic oscillations using time-resolved methods is challeng-
ing. For example, in frequency domain (FD) NIRS, expected perturbations in the
absorption coefficient as induced by typical CHS maneuvers, should induce phase
changes that are comparable to the noise level. For these reasons, we propose to take
advantage of both FD and continuous wave (CW) NIRS measurements in order to
measure the oscillations in the concentration of oxy- and deoxy-hemoglobin in brain
tissue during typical CHS protocols.

The FD component of our method is based on FD NIRS measurements to esti-
mate the baseline optical properties of the head, which is considered as a two-layer
medium, with the first layer comprising extracerebral tissue, and the second layer
representing the brain. By using an inversion procedure based on a two-layer diffu-
sion model [25], we are able to derive not only the optical properties of the two layers
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but also the thickness of the extracerebral tissue layer. In our previouswork, the inver-
sion procedure was tested on both phantoms and human subjects [25]. Knowledge
of the optical properties of the two layers and the thickness of the first layer allows
for the estimation of the partial mean pathlengths travelled by detected photons in
each of the two layers, which are required for disentangling the contributions to the
measured signal from hemodynamic oscillations occurring in the extracerebral tissue
from those occurring in the brain. In the next two sections we describe in detail the
mathematical models of the proposed method of data analysis.

9.3.1 Diffusion Theory for a Two-Layered Cylindrical
Medium

A two-layer diffusive medium is divided into a top region (first layer) and bottom
region (second layer). The two media have different optical properties, namely the
absorption coefficient (μa) and the reduced scattering coefficient (μ′

s). The diffusion
equation for an intensity-modulated point source in the frequency domain (FD) is
written as:

∇ · [D0(r)∇φ(r,�)] −
[
μa(r) + i

�

v

]
φ(r,�) � −PAC (�)δ(r). (9.24)

In (9.24) φ is the fluence rate, i.e. the optical power per unit area impinging from
all directions (units: W/m2) at an arbitrary field point inside the medium (at position
vector: r), D0 � 1/

(
3μ′

s

)
is the optical diffusion coefficient, v is the speed of light

in the medium, � is the angular modulation frequency of the light intensity (in this
study�/(2π) is 110MHz), δ is the Dirac delta, and PAC is the source power. Here we
consider a cylindrical geometry, where one of the circular bases of the cylinder acts
as the surface available to the optical probe (light sources and optical detectors), and
the physical size of the cylinder (height and diameter) is large enough to neglect any
boundary effects at the sides and at the circular base opposite to the one accessible
to the optical probe. For a point source incident at the center of the circular base,
the general solution of the two-layer diffusion equation in cylindrical coordinates
(r =(ρ, θ, z); z is the direction of the cylinder’s axis pointing inside the medium) is
given by [40]:

φk(r,�) � PAC (�)

π a′2

∞∑

n�1

Gk(sn, z,�)J0(snρ)J
−2
1 (a′sn) (9.25)

where φk is the fluence rate in the kth layer of the medium (k =1, 2), sn are the
positive roots of the 0th-order Bessel function of the first kind divided by a′ � a + zb,
(where a is the radius of the cylinder), and Jm is the Bessel function of the first kind
of orderm. Also, zb is the distance between the extrapolated and the real boundary, zb
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=2D01(1+Reff)/(1 – Reff), Reff is the fraction of photons that are internally diffusely
reflected at the cylinder boundary and D01 is the optical diffusion coefficient in the
first layer. Here, we report the solution for Gk only for the first layer (k �1), since it
is the layer where the reflectance is calculated. For the first layer (the one illuminated
by the light source), G1 is given by the following expression:

G1(sn, z,�) � exp(−α1|z − z0|) − exp[α1(z + z0 + 2zb)]

2D01α1

+
sinh[α1(z0 + zb)] sinh[α1(z + zb)]

D01α1 exp[α1(L + zb)]

× D01α1 − D02α2

D01α1 cosh[α1(L + zb)] + D02α2 sinh[α1(L + zb)]
(9.26)

where L is the thickness of the first layer, z0 is the mean transport scattering length
in the top layer (1/μ′

s1), and αk (k �1, 2) is given by:

αk �
√

μak

D0k
+ s2n +

i �

D0kv
(9.27)

Equation (9.26) is attained in the limiting case of an infinite second layer in the z
direction, and for the situation where the two layers have the same refractive index
[40]. In (9.27),D0k andμak are the kth layer diffusion and the absorption coefficients.
For the calculation of the optical diffuse reflectance (R), one may apply Fick’s law:

R(ρ,�) � D01
∂

∂z
φ1(ρ, z,�)

∣∣∣∣
z�0

(9.28)

From the reflectance expression (as fully described by a complex function), one
can determine the amplitude, or AC(ρ, �) and the phase θ(ρ, �), the two main
quantitiesmeasured inFDNIRS, as follows:AC(ρ,�)� |R(ρ,�)|, θ(ρ,�)�Arg[R(ρ,
�)].

The above solution of the diffusion equation was used as the forward solver in an
inversion methodology, based on the Levenberg-Marquardt method which allows to
recover the two layers optical properties (μa,μ

′
s) and the first layer thickness from

measured AC amplitude and phase data at six source detector separations [25].When
data taken on human subjects are considered, the inversion procedure is run by using
average values of AC amplitude and phase data acquired during baseline, allowing
us to recover the average baseline oxy- and deoxy-hemoglobin concentrations in
extracerebral tissue and in the brain.
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9.3.2 mBLL for Measuring Hemodynamic Oscillations

CW intensity oscillations due to absorption oscillations in tissue are given (for the
case of a two-layered model of tissue) by the phasor equation:

i
(
d j , λ, ω

) � −
2∑

i�1

〈
li
(
d j , λ

)〉
µai (λ, ω) (9.29)

In (9.29), i
(
d j , λ, ω

)
is the phasor associated with sinusoidal intensity oscil-

lations normalized to the baseline, or average intensity:
I(d j ,λ,ω,t)−Ib(d j ,λ)

Ib(d j ,λ)
, where

I
(
d j , λ, ω, t

)
and Ib

(
d j , λ

)
are the instantaneous and baseline (or average) intensi-

ties, respectively, d j is the source detector separation (j=1,…, 6 in this work),λ is the
wavelength (λ�690, 830 nm in this work) and i is the layer index (i=1, 2).

〈
li
(
d j , λ

)〉

is the mean optical pathlength in layer i for photons detected at d j . µai (λ, ω) is the
phasor associated with sinusoidal absorption oscillations in layer i, normalized to
the baseline, or average absorption coefficient: μai (λ,ω,t)−μaib(λ)

μaib(λ)
, where μai (λ, ω, t),

and μaib(λ) are the instantaneous and baseline (or average) absorption coefficients,
respectively, in layer i. Note that μaib(λ) is measured by the FD method described
in the previous section for both layers i �1, 2. The phasors associated with oxy-
and deoxy-hemoglobin oscillations in the two layers (which comprise contributions
from both blood volume and blood flow oscillations) are related to the absorption
phasors by the relationship:

µai (λ, ω) � εHbO2(λ)Oi (ω) + εHb(λ)Di (ω) (9.30)

whereOi andDi are the oxy- and deoxyhemoglobin phasors, respectively, in layer i,
and εHbO2 and εHb are the wavelength-dependent extinction coefficients of oxy- and
deoxy-hemoglobin.

Equation (9.29) represents a generalized mBLL for a two-layered medium, and
it can be re-written in the form of the standard mBLL by introducing an effective
absorption phasor that depends on the source-detector separation:

i
(
d j , λ, ω

) � −〈
L
(
d j , λ

)〉
µa,eff

(
d j , λ, ω

)
(9.31)

In (9.31), the intensity phasor is expressed in terms of an effective absorption
coefficient phasor µa,eff

(
d j , λ, ω

)
(which depends on d j ) and the total mean path-

length,
〈
L
(
d j , λ

)〉
, traveled by the photons that are detected at a source-detector

distance d j . The effective absorption coefficient phasor is related to effective oxy-
and deoxy-hemoglobin concentration phasors by a relationship formally similar to
(9.30):

µa,eff

(
d j , λ, ω

) � εHbO2(λ)Oeff
(
d j , ω

)
+ εHb(λ)Deff

(
d j , ω

)
(9.32)
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By using (9.29)–(9.32), we derive the following system of equations:

Oeff
(
d j , ω

) � α1
(
d j

)
D1(ω) + α2

(
d j

)
O1 + α3

(
d j

)
D2(ω) + α4

(
d j

)
O2 (9.33)

Deff
(
d j , ω

) � β1
(
d j

)
D1(ω) + β2

(
d j

)
O1 + β3

(
d j

)
D2(ω) + β4

(
d j

)
O2 (9.34)

where the coefficients αi and βi depend on both wavelengths, through the extinction
coefficients and also through the ratio of partial to total mean optical pathlengths( 〈li(d j ,λ)〉
〈L(d j ,λ)〉

)
[30]. The coefficients α1, α3 (in (9.33) for oxy-hemoglobin) and β2, β4

(in (9.34) for deoxy-hemoglobin) are called cross talk coefficients, and are much
smaller than the other coefficients, and usually could be omitted without signifi-
cantly affecting the results. However, in this study we used (9.33) and (9.34) with no
approximations.

We observe that knowledge of the baseline values of the optical properties in
the two layers and the thickness of the first layer allows us to calculate all of the
coefficients α and β in (9.33) and (9.34). In this work, the shortest source-detector
separation was d1 � 8mm. Considering that the combined scalp and skull thick-
ness in adult human is typically 8–16 mm, we made the reasonable assumption
that Oeff(d1, ω) � O1(ω) and Deff(d1, ω) � D1(ω); in other words, the oxy- and
deoxy-hemoglobin phasors obtained with the mBLL from the measured optical sig-
nals at the shortest source-detector separation are taken to coincide with the oxy-
and deoxyhemoglobin phasors of the top layer. Then, we used (9.33) and (9.34) to
retrieve the phasors of oxy- and deoxy-hemoglobin concentrations in the bottom
layer,O2(ω) and D2(ω), by using the oxy- and deoxy-hemoglobin phasors obtained
with the mBLL from the measured optical signals at the longest source-detector sep-
aration,Oeff(d6, ω) andDeff(d6, ω). The reason for using the longest source-detector
distance is that, at this distance, the measured optical intensities are most sensitive
to the bottom, cerebral tissue layer.

9.4 Experimental Methods

A commercial frequency-domain tissue spectrometer (OxiplexTS, ISS Inc., Cham-
paign, IL) was used in the NIRS measurements that were performed. A frequency of
110 MHz was used for modulating the laser intensity outputs. An optical probe was
connected to the spectrometer through optical fibers distributing 690 and 830 nm
wavelength light at six different locations, separated 8, 13, 18, 28, 33, and 38 mm
from a single collection optical fiber. The optical probe was positioned against the
subject’s forehead right side and fixed with a flexible headband. The instrument was
calibrated through an optical phantom of known optical properties, by means of the
so called multidistance FD NIRS procedure [41].

Pneumatic thigh cuffs were swaddled around the person’s thighs and plugged to
an automated cuff inflation system (E-20 Rapid Cuff Inflation System, D. E. Hokan-
son, Inc., Bellevue, WA). The thigh cuffs air pressure was continuously monitored
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Cuff inflaƟon system 

Frequency-domain 
NIRS instrument

OpƟcal probe

Fig. 9.3 Schematic of the experimental setup, including the frequency-domain NIRS instrument,
the pneumatic thigh cuff, and the automated cuff inflation system. A detail of the optical probe is
shown to specify the six source-detector distances used

through a digital manometer (Series 626 Pressure Transmitter, Dwyer Instruments,
Inc., Michigan City, IN). The thigh cuff pressure monitor analogue outputs were
fed to auxiliary inputs of the NIRS instrument for concomitant recordings together
with the NIRS data. A 25 year old healthy female was subjected to an eight cycles
protocol, where in each cycle the thigh cuff was inflated to a pressure of 190 mmHg
for 9 s and released for 8 s (f �0.059 Hz, where f=ω/2π is the frequency of the cuff
inflation/deflation cycles).

The analytic signal method [42, 43] was used to associate phasors (i.e. an ampli-
tude and phase) to the oscillations of oxy- and deoxy-hemoglobin concentrations,
which were obtained by using the mBLL as explained in Sect. 9.3.2 ((9.31) and
(9.32)). The overall experimental setup layout is displayed in Fig. 9.3.

9.5 Results

The frequency-domain multi-distance NIRS data collected in vivo, analyzed with the
two-layer diffusion model of Sect. 9.3.1, yielded the values of the baseline optical
properties of the two tissue layers and of the thickness of the top layer that are reported
in Table 9.1. On the basis of these baseline optical properties and thickness of top
layer, we have computed the α and β coefficients in the system of (9.33) and (9.34),
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Table 9.1 Baseline optical properties and top layer thickness obtained on the head of a human
subject with multi-distance FD NIRS data and a two-layer diffusion model

λ1
(690 nm)

λ2
(830 nm)

Top layer μa1 (cm−1) 0.072 0.068

μs1
′ (cm−1) 12.4 12.5

Thickness (mm) 9

Bottom layer μa2 (cm−1) 0.089 0.10

μs2
′ (cm−1) 2.7 2.1

Table 9.2 Coefficients of the linear combinations of the oxy- and deoxy-hemoglobin concentration
phasors in the top and bottom tissue layer (O1, D1, O2, D2) that result in the effective phasors
obtained from CW NIRS data at source-detector separation d6 � 38mm with the modified Beer-
Lambert law (Oeff(d6),Deff(d6)) (see (9.33) and (9.34))

α1(d6) 0.062

α2(d6) 0.63

α3(d6) −0.062

α4(d6) 0.37

β1(d6) 0.54

β2(d6) −0.016

β3(d6) 0.46

β4(d6) 0.016

for the greater source-detector distance (d6 � 38mm), as reported in Table 9.2. This
is the first step of our hybrid approach: the determination of the coefficients of the
linear system of (9.33) and (9.34) that allows us to translate single-distance, CW
NIRS measurements of effective oxy- and deoxy-hemoglobin concentration phasors
at short distance (Oeff, Deff at d1 � 8 mm) and long distance (Oeff, Deff at d6 � 38
mm) into the actual hemoglobin concentration phasors in the top layer (O1,D1) and
bottom layer (O2,D2) of the investigated tissue.

Figure 9.4 shows the phasors of the concentrations of oxy- and deoxy-hemoglobin
at six source-detector separations derived with the mBLL (top phasors in Fig. 9.4).
Even though we have used only the effective phasors measured at the first and the
sixth source-detector distances for our method of recovering O2(ω) and D2(ω), in
Fig. 9.4 we also show the other effective phasors to illustrate that both oxy- and
deoxy-hemoglobin effective phasors rotate clockwise as they are measured farther
and farther from the detector. Because larger source-detector separations feature
enhanced sensitivities to deeper tissues, this trend is indicative of different oscilla-
tions occurring in the extracerebral tissue and in the brain. Specifically, these results
indicate that hemodynamic oscillations in the bottom layer have a lower phase than
those in the top layer. In otherwords, deeper hemodynamic oscillations lag superficial
hemodynamic oscillations.
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Light Sources
(690, 830 nm)

OpƟcal
Detector

Top Layer

BoƩom Layer

[Hb] [HbO2] Oeff, Deff (d1…d6)

O1

O2

D2

D1

Fig. 9.4 Schematic illustration of the two-layer tissue model and the set of illumination and collec-
tion optical fibers at six source-detector distances (8, 13, 18, 28, 33, and 38 mm). The set of phasors
above each illumination optical fiber are the effective oxy- and deoxy-hemoglobin concentration
phasors obtained from single-distance CW NIRS data analyzed with the modified Beer-Lambert
law. The phasors inside the top and bottom layers represent the actual hemodynamic oscillations in
the two layers, as obtained by our hybrid FD/CW NIRS approach

The phases of all phasors were taken relative to the phase ofOeff(d1, ω) � O1(ω)

(we recall that the oxy-hemoglobin phasor obtained with the mBLL from the optical
data at the shortest source-detector distance, d1, was taken to coincide with the
oxy-hemoglobin phasor of the top layer), so that, by definition, Arg (O1(ω)) � 0◦.
With this convention, the effective oxy- and deoxy-hemoglobin phasors obtained
from CW NIRS data and the mBLL at the shortest (d1) and longest (d6) source-
detector distances were: Oeff(d1) � 0.67μM 
 0◦; Deff(d1) � 0.096μM 
 103◦;
Oeff(d6) � 0.49μM 
 − 28◦; Deff(d6) � 0.067μM 
 55◦.

As described in Sect. 9.3.2, we identified Oeff(d1) and Deff(d1) with the oxy- and
deoxy-hemoglobin concentration phasors in the top layer: O1 � 0.67μM 
 0◦ and
D1 � 0.096μM 
 103◦. From (9.33) and (9.34), using the coefficients of Table 9.2,
we obtained the oxy- and deoxy-hemoglobin concentration phasors in the bottom
layer:O2 � 0.62μM 
 − 87◦ and D2 � 0.11μM 
 13◦. These phasor results for the
top and bottom tissue layers, which reflect hemodynamic oscillations at the induced
frequency of 0.059 Hz, confirm the qualitative observation that hemodynamic oscil-
lations in the bottom layer lag those in the top layer (in this case, by about 90°).

9.6 Discussion and Conclusions

Wehave described a novel technique,CHS, to performquantitative studies of cerebral
hemodynamics on the basis of data collected with NIRS or fMRI. This technique is
combined with a dedicated analytical model that describes arbitrary time courses of
oxy- and deoxy-hemoglobin concentrations in tissue (time-domain representation),
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or oscillatory hemodynamics at well-defined frequencies (frequency-domain repre-
sentation). This analytical model enables the translation of measurable hemoglobin
concentrations in tissue into physiological quantities of interest for diagnostic assess-
ment, functional studies, or characterization of tissue perfusion. The dynamic study
of blood perfusion and oxygenation has been performed for many years using both
NIRS and fMRI in a number of research areas. For example, spontaneous low-
frequency hemodynamic oscillations have been investigated in studies of resting
state functional connectivity based on fMRI [44–46] or NIRS [47–50]. Even more
closely related to CHS, several NIRS studies have investigated the relative phase of
cerebral [Hb] and [HbO2] oscillations occurring spontaneously [51] or in response
to paced breathing [32, 52, 53]. The innovative aspects of CHS are the systematic
nature of the measurements of coherent hemodynamics, and the quantitative analysis
afforded by the analytical mathematical model.

In the case of non-invasive NIRS studies of the human brain, one has to take
into consideration the presence of superficial, non-cerebral tissue layers that may
confound optical measurements of the brain cortex. This is a well-known limiting
factor of non-invasive functional NIRS, which has been tackled in a number of ways,
typically based on collecting data at multiple source-detector separations in combi-
nation with regression methods [26], spectral analysis [54], independent component
analysis [55], or the computation of partial mean pathlengths in two-layered media
[56].

This chapter describes a hybrid FD/CW method based on the mBLL and on a
two-layer diffusion model to disentangle the contributions to the optical signals from
induced hemodynamic oscillations occurring in the extracerebral (superficial) tissue
and in the (deeper) brain tissue. This problemwas tackled by using a two-layer diffu-
sion model and the combination of NIRS data collected at multiple source-detector
separations. This two-layer diffusion model has by now been used in the evalua-
tion of baseline optical features and hemoglobin concentrations in two “effective”
head tissue layers. Frequently, in NIRS, the dynamics of hemoglobin species are
calculated by means of the modified Beer-Lambert law (mBLL), which considers
homogeneous absorption changes in a light probed tissue. As this premise can be
violated under a variety of conditions, it would be fundamental to distinguish the
hemodynamic oscillations taking place in the extra-cerebral layers, namely scalp
and skull, from those taking place in the brain. Thereupon a more realistic two dis-
tinct layers model of the head has been considered. The diffusion equation solution
in the FD corresponding to a two-layer configuration was used to recover the absorp-
tion baseline values, the reduced scattering coefficients of both layers, and also the
first layer thickness, from frequency-domain data at six source-detector separations.
These baseline values were used to calculate the partial (in each layer) and total (in
the entire medium) mean optical pathlengths which allowed us to recover the oxy-
and deoxy-hemoglobin hemodynamic oscillations in the two tissue layers by using
CW data. This is the first step to recover relevant physiological parameters specific
to the brain by using CHS.

In summary, we have described CHS, a new technique to investigate cerebral
hemodynamics, and a first attempt towards the creation of depth-resolved CHS.
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The ability to perform accurate measurements of the cerebral hemodynamics with
non-invasive optical techniques can ultimately result in a powerful tool towards the
non-invasive assessment of cerebral perfusion, autoregulation, functional activation,
and overall tissue viability in vivo.
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