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Abstract. Near-infrared spectroscopy (NIRS) combined with indocya-
nine green (ICG) dilution is applied externally on the head to deter-
mine the cerebral hemodynamics of neurointensive care patients. We
applied Monte Carlo simulation for the analysis of a number of prob-
lems associated with this method. First, the contamination of the op-
tical density (OD) signal due to the extracerebral tissue was assessed.
Second, the measured OD signal depends essentially on the relative
blood content (with respect to its absorption) in the various transillu-
minated tissues. To take this into account, we weighted the calculated
densities of the photon distribution under baseline conditions within
the different tissues with the changes and aberration of the relative
blood volumes that are typically observed under healthy and patho-
logic conditions. Third, in case of NIRS ICG dye dilution, an ICG
bolus replaces part of the blood such that a transient change of ab-
sorption in the brain tissues occurs that can be recorded in the OD
signal. Our results indicate that for an exchange fraction of A=30% of
the relative blood volume within the intracerebral tissue, the OD sig-
nal is determined from 64 to 74% by the gray matter and between 8 to

16% by the white matter maximally for a distance of d=4.5 cm.
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1 Introduction

In 1977, near-infrared spectroscopy (NIRS) was used for the
first time as a noninvasive measurement method to detect
changes in the cerebral hemoglobin oxygenation (oxy-Hb,
Deoxy-Hb).! More recently, NIRS has been applied to esti-
mate cerebral oxygenation under routine clinical conditions.*”
Furthermore, for an improved monitoring of cerebral hemo-
dynamics in neurointensive care, NIRS has been combined
with indocyanine green (ICG) dye bolus injection,” whereby
ICG is a highly absorbing tracer substance in the IR region.
This procedure allows us to determine the mean transit time
of ICG (mttyg), the cerebral blood volume (CBV), and the
cerebral blood flow (CBF) of adult patients at the bedside.>®
The technique has recently been validated in healthy
volunteers.’

Early detection and treatment of cerebral ischemia to pre-
vent further neurological damage in patients with severe brain
injury and stroke is one of the most important issues in neu-
rocritical care. Patients in the neurointensive care unit are
mostly in a critical, unstable condition. Stable xenon-
enhanced computed tomography, positron emission tomogra-
phy, single-photon emission computed tomography, or mag-
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netic resonance spectroscopy are powerful research tools,

but they require the patient to be transported and thus involve
a potentially high risk. The established methods for bedside
measurement of CBF with inert tracers such as the nitrous
oxide dilution method'" or the 133Xenon dilution technique12
are difficult to perform clinically and are time-consuming.
Additionally, 133Xenon dilution detected with multiple colli-
mators measures regional cortical perfusion, which may not
be representative when cortical electrical depression is
present.13

The NIRS method does not involve spectroscopy in the
strict sense, but is restricted to an intensity measurement of
the transmitted light at different wavelengths; whereby for
each wavelength, the transmitted light has the same wave-
length as the incident light. A distinction thereby has to be
made between a baseline signal, which for all practical pur-
poses is constant in time and depends, among other things,
strongly on the relative blood content of the involved tissues,
and a time-dependent signal, which is caused by a number of
effects, such as a variation of the blood oxygenation, the pas-
sage of a tracer, or a short-term change of the relative blood
volume contained in the blood vessels in the various tissues
involved in the photon paths. Because the baseline is usually
not of interest clinically, the time varying signal is extracted
with the aid of a difference procedure such that the baseline
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drops out. This signal is normalized and denoted as the optical
density (OD) signal. Along with the baseline, however, the
OD signal depends largely on the relative tissue blood content
because the time dependency is due mostly to variations tak-
ing place in the intravascular space.

A problem associated with the NIRS ICG dye dilution
method used for CBF measurement is due to the fact that the
OD signal from the brain tissue is contaminated by contribu-
tions from the extracerebral bone and scalp tissue. From a
clinical point of view, the spatial photon density distribution,
that is, the spatial sensitivity profile that characterizes the vol-
ume interrogated by NIRS between emitter and receiver,'?
should be concentrated in the brain tissues of interest with
minimal contamination by other structures. Accordingly, sev-
eral theoretical and experimental approaches were made to
analyze the influence of these contaminations on the measured
OD signal."” ™ Among others, these investigations supported
the finding that the cerebrospinal fluid (CSF) in the subarach-
noid acts as a light guide.*

One method to subtract the extracerebral contamination
from the detected OD signal is based on spatially resolved
spectroscopy (SRS).?' The localization of the origin of the
various contributions to the measured OD signal is thereby
derived from consecutive NIRS measurements with different
emitter-detector spacings. However, interindividual variability
of anatomy restricts the applicability of SRS, mostly because
individual verification and calibration is unsuitable for rapid
noninvasive CBF measurements at the bedside, in particular
in the neurointensive care unit. Other methods are based on
time-resolved spectroscopy (TRS)** or high frequency
modulated”* measurements.

As Monte Carlo (MC) methods lend themselves for the
analysis of light propagation in biological tissues, a number of
studies relating to the application of NIRS in the brain have
been presented.”* Most simulations were thereby performed
on homogeneous geometrical structures'**’ not taking into
account the different tissues the light has to pass through nor
the folded surface structure of the brain. Such approaches
suffer in reality, because they do not reflect the scattering
differences in the various tissues and geometries. Other ap-
proaches were based on two-dimensional (2D) magnetic reso-
nance images (MRI) to separate the different tissues, such as
the scalp, skull, and CSF layer.3 031 Recently, also three-
dimensional (3D) head models derived from MRI data were
used to simulate the light propagation in the head.*

In this paper, results from MC simulations are presented
where light propagation, more precisely, the propagation of
photons, was simulated between an emitter and a detector
externally attached to the adult head. For these simulations, a
3D anatomical brain model was obtained from MRI data of a
healthy, 30-year-old male volunteer. The implementation of
the MC code followed the theoretical description of Prahl,** a
significant difference being the application of a fixed suffi-
ciently small step-size for the photon propagation such that
anatomical details could be taken into account. From the
simulation, the contribution of the various tissues to the total
absorption is obtained which in all cases considered allowed
us to assess the extracerebral contamination.

A first aspect of interest of our study was directed toward
an assessment of the influence of the CSF by comparing simu-
lations performed on a brain area comprising sulci filled with
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Fig. 1 Human forebrain folded and structured in gyri and sulci. The
different layers shown in the figure are the scalp, the skull, the grey
matter, and the white matter. The CSF (not highlighted in the figure)
surrounds the brain, filling the sulci and the interspace to the dura.

CSF (see Fig. 1) with simulations on another area with a small
volume of CSF. A second major focus was related to the in-
fluence of the relative blood content in the various transillu-
minated tissues, because the first place the OD signal is ob-
tained from is the intravascular space where the change of the
blood content over time is highest. With respect to the clinical
application of NIRS ICG dye dilution, the dependency of the
baseline signal on the blood volumina within the different
tissues of the head is a key characteristic because ICG is
confined to intravascular spaces. Although the baseline signal
measurement is not of further clinical use, this dependency
can be used to estimate how large the time-varying, useful OD
signal will be when an injected ICG bolus replaces blood
partially. The resulting blood-ICG intermix causes a transient
change of absorption within the tissues of the observed optical
segment. This follows from the assumption that the probabil-
ity for an interaction of a photon with the blood-ICG intermix
to occur increases with increasing relative blood volume (rel.
BV) of the involved tissues. The rel. BV for each tissue was
given per 100 cm? of tissue and assumed to vary between the
tissue types according to published data.

Apart from arterial pulsation, which is the major origin of
the OD signal, the rel. BV may furthermore change markedly
within time intervals relevant for measurements (sometimes
within seconds). A change in rel. BV yields a baseline shift in
a typical NIRS measurement. If the change is sufficiently
rapid (seconds), it is amenable to an evaluation. Wolf et al.,35
for example used the finding that the OD signal varies syn-
chronously with ventilation to determine venous oxygenation
in neonates.

In this study, the rel. BV was understood as a mean value,
averaged over arterial pulsations of blood contained within a
unit volume of tissue. In the literature, the rel. BV of the gray
and white matter is often denoted as CBV. The CBV within
the brain tissues includes the arterial, capillary, and venous
blood components of the cerebral vessel system%’37 whereby
70 to 80% of the CBV is contained within the venous
vessels. ™

In earlier days, no direct attempts were made to quantify
the CBYV, although the CBV was estimated to change in a
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power-law relationship: CBV=0.8 X CBF’3® with the CBF,
as found by Grubb.*” More recently, the CBYV, respectively its
changes, were determined directly using various methods. The
work of Ito* documented the overall change of CBYV, while
his newer studies®’ focused on the change in the arterial com-
ponent of the CBV during hypercapnia and hypocapnia, using
positron emission tomography (PET) with H(2)(15)O and
(11)CO. Other PET studies*' showed an increase of the CBV
in relation to sodium nitroprusside in an anesthetized baboon.
In another approach, the regional cerebrovascular response,
including arterial and venous change of CBYV, to sympathoe-
xcitatory reflexes was evaluated with contrast-enhanced com-
puter tomography (CT).*® Additionally, a functional MRI was
used to measure the change in CBV with high temporal reso-
lution in relation to visual stimulation'* with a ACBV of
27+4%.

For the MC simulations absorption and scattering proper-
ties of the various tissues of interest here were taken from the
literature. Because published values are mostly based on mea-
surements performed on excised tissue, however, it is to be
assumed that the (unknown) blood content associated with
these values is generally low. It is not unreasonable to hypoth-
esize that the enormous spread of the published data can at
least partially be attributed to differences in blood content.
Accordingly, a comparison of the baseline results obtained
with selected tissues assumed hypothetically to have a low
and homogeneously distributed blood content with three dif-
ferent cases of higher blood content was made (“standard”
case, furthermore, “below average,” and “best” case). These
simulations served to estimate the highest possible baseline
and subsequently the highest possible OD signal that can be
expected to originate from each tissue. The passage of the
blood-ICG intermix increases the effect further according to
the rel. BV.

2 Materials and Methods
2.1 Anatomical Model and Material Matrix

MRI scans were performed on a Philip’s Intera 3T whole-
body unit equipped with a transmit-receive body coil and a
commercial eight-element head coil array (MRI Devices Cor-
poration, Waukesha, Wisconsin). T2-weighted anatomical im-
ages were obtained with a turbo spin echo sequence
(TE/TR=80/4000 ms) from 155 slices covering the whole
brain as shown in the sagittal section in Fig. 2 with a spatial
resolution of 0.8X0.8X 0.8 mm. TI-weighted anatomical
images were acquired with a 3D T1-weighted gradient echo
sequence (TE/TR=2.3/20 ms) with the same positioning
and geometry. Enhancement of brain vascular structures was
achieved with a 3D inflow-weighted gradient echo sequence
with TE/TR=1.88/21 ms and maximum intensity projection
reconstruction. The MRI results of the three complete scans
were stored in three separate 3D matrices with each having a
resolution of 2'¢ gray scales.

We processed the MRI data of the three T1/T2 value ma-
trices with a feature and structure matching algorithm to
eliminate artifacts due to movements of the healthy volunteer,
a 30-year-old male, during the three 20-min measurement
times. The perceived matching accuracy of the three MRI data
matrices was at 0.5 mm within the range of the image reso-
lution. The result was stored in one 3D data set of 512
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Fig. 2 The 3D MRI data of the head were taken in 155 slices covering
the whole brain, where 12 of them are shown in the sagittal section to
mark the range of measurement.

X 512X 100=26 214 400 voxels. Next, we selected one slice
of the 3D MRI data set (Fig. 3) and defined thresholds depen-
dent on the MRI histogram. These thresholds were used to
segment the MRI data set into the different tissue types,
namely the scalp, the skull, the CSF, and the gray and the
white matter. We also included the air around the head of the
healthy volunteer. The result of this segmentation process for
the white matter is shown for the selected MRI slice in Fig.
3(b) in comparison with the unsegmented MRI of the same
slice [Fig. 3(a)].

Finally, we obtained a 3D matrix (hereafter called material
matrix) having the size of 512X 512X 100 voxels containing
the identification numbers of the different tissues of the brain.
The identification was used to assign tissue-specific absorp-
tion and scattering coefficients (scalp, skull, CSF, gray and
white matter) to each voxel.

We intended in particular to analyze the spatial sensitivity
profile, which is defined by the density distribution of those
emitted photons that reach the receiver, in the case where the
examined human forebrain region contained a deep sulcus
near the temple (Fig. 1) filled with a high volume of CSF.
These results were then compared with the photon density
distribution within a region 1.5 cm further to the sagittal line
of the head, which contained only a small sulcus filled with

(a) (b)

Fig. 3 (a) MRI slice after the matching of the three MRI data sets with
the three different T1/T2 values. (b) Within the same MRI slice, one
result of the segmentation process is shown using the example of the
white matter.

July/August 2006 < Vol. 11(4)



Mudra et al.: Analysis of near-infrared spectroscopy ...

Table 1 Optical attributes of excised human tissues under physiological condition as taken from the

literature.
A Ma M He=pd 1-g\)] g

Tissue (nm) (1/mm) (1/mm) (1/mm) @) Reference
Muscle 515 1.12 53.0 - - 56
Skin 633 0.27 18.7 3.55 0.81 45
Scalp 800 0.018 - 1.9 - 57
Skull 800 0.016 - 1.6 0.9 57
CSF 800 0.001 - 0.01 - 29
Gray matter 800 0.036 - 2.2 0.82 43 and 57
White matter 800 0.014 - 9.1 0.957 43 and 57

less CSF. To this end, the CSF volumina were calculated from
the segmented MRI data. For both configurations that were
simulated, a region of interest was defined containing 10
slices and covering the area spanned by the largest emitter-
detector distance under consideration, which was d;=4.5 cm.
For both configurations, the number of pixels representing
CSF were counted. The region with the high volume of CSF
(slice 6 in Fig. 1) contained approximately CSF=1.7 ml,
while the region with the small amount of CSF (slice 8 in Fig.
1) included approximately CSF=0.7 ml. The CSF volume
ratio between the region with a high amount of CSF to the one
with a small amount was thus 2.4. The simulations were car-
ried out for emitter-detector distances of d;=2cm, d,
=3 cm, and d3=4.5 cm, respectively.

2.2  MC Simulation

The NIRS measurement corresponds to the measurement of
the time-varying intensity of a stream of photons, assumed to
propagate in a stochastic fashion in the tissue. When a photon
is scattered elastically in an optically dense material where the
scattering centers are large compared to the wavelength, such
as is the case in biological tissue, the scattering is of the Mie
type. Elastic scattering is characterized by the fact that the
photon energy does not change; in the case of Mie elastic
scattering, furthermore, the scattering is highly oriented in a
forward direction. Accordingly, an anisotropic scattering
scheme was used for the simulations.

For the MC procedure, based on the anisotropic modeling
approach of Prahl,** we simulated the path of individual pho-
tons whereby each photon started at the emitter and was al-
lowed to interact with the different tissues. This interaction
included elastic scattering and redirection (Sec. 2.2.1) or ab-
sorption (Sec. 2.2.2) of a photon. At boundaries, furthermore,
internal reflection may occur according to the optical densities
(Sec. 2.2.3). Those photons that reached the detector were
considered to be as “successful” and were sampled.

During the propagation, we let each photon travel a given
distance Al while it was checked at each step whether the
photon had passed the border between two materials or if the
photon had been scattered or absorbed. The step-size Al was
chosen to be 0.01 mm, which was sufficiently small to ascer-
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tain that a photon could not pass through different materials
without taking into account the associated changes in the ab-
sorption and scattering coefficients.

2.2.1 Scattering

Within the framework of anisotropic scattering, the scattering
coefficient u, is used to describe the statistical nature of the
scattering process. The unit is given as 1/mm, and the prob-
ability for the occurrence of a scattering process over the dis-
tance ds is given by

p(scattering in ds) = uds. (1)

In a dense medium, the values of w, are often found to be
quite high such that they are difficult to measure. Instead, the
reduced or transport scattering coefficient, u., is usually
documented in the literature because it is less critical to de-
termine and because it is derived from the diffusion approxi-
mation. The relationship between the scatter coefficient g
and the reduced scatter coefficient u, is given by u=pu 1
—g(\)].*® Thereby, the anisotropy factor g(\)=(cos 6) de-
scribes the mean scattering-induced deviation 6 from the for-
ward direction, while it is independent from the azimuthal
orientation (transverse anisotropy). It depends in general on
the wavelength, which is constant in our case. A typical value
for biological tissue is g=0.9 as can be seen in Table 1. This
implies that the light is scattered mainly in a forward direction
with a small diversion.

The scattering angle 6 was assumed to change with the
material. According to Henyey and Greenstein,** the probabil-
ity distribution for the interaction between biological tissue
and near-infrared light* can be given as follows:

l—g2
2(1 + g% —2g cos 6)¥*°

pl(cos 0) = (2)

The anisotropy factors used in our MC simulation are
given for the different tissues in Table 2 (see Sec. 2.2.3). In
the actual implementation, the stochastic nature of the propa-
gation was taken into account by choosing for each photon the
scattering angle from a random number & where £ [0,1). 6
is then given as follows:™*
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Table 2 Optical attributes of human tissues as used for the MC simulation. The optical properties of the
CSF are not based on experimental data, instead, the coefficients are chosen in relation to previously

performed simulations by Okada (Ref. 29).

Refractive
A Mo s 74 g index

Tissue (nm) (1/mm) (1/mm) (1/mm) (M (M
Air around head 800 2.0 5.0 0.1 1 1

Scalp 800 0.018 10.0 1.8 0.81 1.3
Skull 800 0.016 17.0 1.6 0.91 1.3
CSF 800 0.001 2.0 0.02 0.99 1

Gray matter 800 0.036 37.0 2.2 0.97 1.3
White matter 800 0.014 53.0 9.1 0.82¢ 1.3

“Reference 43.

1 5 1_g2 2
f=arccosy —|1+g" —| —— for g # 0,
2g I-g+2g¢

0=arccos(2¢£—1) for g=0. 3)

In agreement with transverse anisotropy, azimuthal scatter-
ing was assumed to be isotropic, such that the probability
distribution for ¢ was considered uniform

1
p(i) = oy 4)

such that ¢=2{ with the random number [0, 1).

2.2.2  Absorption

The probability of absorption along a path of length ds is
calculated as

p(absorption in ds) = u,ds. (5)

If a photon is absorbed, it is discarded from the simulation.
Because probabilities are smaller than 1, care was taken that
the incremental pathlength was sufficiently small (in addition
to geometrical constraints given by the anatomical details)
that the sum of the scattering and absorption probability did
not violate this condition.

2.2.3 Optical coefficients and internal reflection

The optical attributes of each voxel were given by a pair of
values for w, and w,=pu 1/[1-g(N\)], which were derived
from the literature. It is found that the published values for
both coefficients u, and wu. differ widely, which can be at-
tributed in part to difficulties in isolating the relevant tissue
within the living organism. When the measurements were per-
formed under excised conditions, furthermore, the results
show changes in the optical attributes with increasing duration
from the time of excision. Of particular importance for our
work is the circumstance that the blood content of the tissue at
the time of measurement is not known (or not reported); yet
this parameter influences the optical properties of a biological
tissue decisively. Table 1 contains a collection of literature
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values and documents the variations that were found between
the different materials. Apart from the absorption coefficients
and the scattering coefficients, the table also contains the val-
ues of the anisotropy factor g.

We performed our simulations using the set of optical
properties w,, W, g and the refractive index for the different
tissues of the adult head as listed in Table 2, provided by van
der Zee* and Okada®™ and also used by Fukui.®!

Internal reflection was taken into account by applying
Fresnel’s equation and Snell’s law whenever a photon crossed
the borderline from one tissue to another and having a differ-
ent index of refraction.

2.3 The Implementation of the MC Simulation

The incremental step-size was chosen as 0.01 mm, such that
the passage of a photon through more than one material
boundary in one step was avoided. This value was a compro-
mise in that the limitation given by the maximal reciprocal
values of u, and wu, which are in the range of 0.002 to
0.2 mm had to be observed in addition (Table 2), while the
time necessary for the computation was kept as small as pos-
sible. For the rest, the general procedure followed the one
published by Prahl.**

The lifetime of a photon includes the three phases “birth,”
the repeated decision process, and “death.”

2.3.1 Birth

The random generator created a photon at the surface of the
emitter optode. The photon obtained an initial direction of
flight within the defined angle of the light beam of the optode.

2.3.2 Decision process

When a photon had moved a step of length Al in its initial
direction, a decision was made with respect to the further
motion of the photon. The current coordinates of the photon
were related to the material matrix to determine the probabil-
ity of absorption using u, from the lookup table. If absorption
had not occurred, the probability for scattering was evaluated
and a new direction of the photon was determined based on
the random numbers £ and { according to Egs. (3) and (4) to
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Table 3 Calculated photon density distribution of the different brain tissues for d;=2 cm, d,=3 cm, and
d;=4.5 cm at brain regions with high (1.7-ml CSF) and low volumes of CSF (0.7-ml CSF) in the sur-
rounding. +: The rel. BV content of the sample probes with which the optical parameters were deter-
mined are assumed to be very low and set to one (normalized unit) for later weighting purposes for all
tissues except for the CSF. CSF of a healthy person does not contain blood at all.

Rel. BV
Tissue in sample Low volume of CSF High volume of CSF
2 cm 3cm 4.5 cm 2cm 3cm 4.5 cm

Scalp +1.0 53% 50% 4% 64% 56% 40%
Skull +1.0 47% 37% 38% 33% 36% 32%
CSF +0 0% 3% 5% 1% 2% 6%
Gray matter +1.0 0% 6% 11% 1% 4% 17%
White matter +1.0 0% 4% 5% 1% 2% 5%

get ¢ and 6. Backscattering was taken into account, when the
photon had passed a tissue boundary (see Sec. 2.2.3).

2.3.3 Death

The stepwise procedure was repeated until the photon was
detected successfully or it “died.” A photon was considered
successful when it crossed the defined detector plane in the
distance of dy=2cm, d,=3 cm, and d;=4.5 cm, respec-
tively, with an entry angle that was within the range of the
defined angle of acceptance (B8=90 deg) of the optode. The
photon was registered and the path was stored. In turn, death
occurred whenever a photon was absorbed (Sec. 2.3.2), ex-
ceeded a specified distance from the detector surface, or
moved outside the head into air (reentry could be excluded
because of the convex shape of the head). The paths of dead
photons were discarded.

2.4 Evaluation

First, two series of MC simulations were performed, one
modeling a configuration with a low CSF volume in the tissue
and a second set highlighting a situation with a higher CSF
volume (see Table 3). Each series comprised the emitter-
detector distances d;=2 cm, d,=3 cm, and d3=4.5 cm, re-
spectively, and every simulation was done with 30 X 10° pho-
tons in total, subdivided into three portions of 10X 100
photons each. After each run, the number of successful paths
as well as the differential pathlength factor (DPF) value along
with the photon density distribution within the different tissue
types were recorded. Care was taken that the standard devia-
tion was less than 3% in all cases.

For simplicity and completeness, the simulations included
the absorption processes, although approaches have been pre-
sented where the photon trajectories are determined in the
absence of absorption and then reweighted.46 For short dis-
tances, d;=2 cm, the processing time was short enough to
accept the waste of absorbed photons. For the longer emitter-
detector distances, we included a reduction factor to minimize
the effect of absorption. However, the chosen reduction factor
k for u, influences the result of the MC simulation in that for
0<k<1, paths with a short pathlength s* are favored. In the
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case k=0, no absorption takes place. For such a case, the
successful paths have to be reweighted as described in other
implementations.*® The associated procedure was as follows:

pSuccess(S*) = eXP[— Sv(l - k)] (6)

with

d
s*:J ads . (7)

0

This lowered the number of successful paths between the
emitter and the detector according to the effect of absorption.

Another side effect of reducing u, by a factor k consisted
of allowing photons to stay alive even when they had moved
away so far that they never would reach the detector surface
any more. As a consequence, processing time increased. To
minimize this problem, we ignored photons that had traveled
a total path length that was longer than a specified distance
from the detector surface (50 times the emitter-detector dis-
tance).

For the compilation of the photon density distribution,
each successful photon path was scrutinized stepwise accord-
ing to the tissue that had been passed. This distribution was
assumed to represent a direct measure for the baseline and the
OD signal to be expected under equivalent condition. To this
end, the number of path segments in each tissue was related to
the total number of segments to yield a relative fraction (%).
Both baseline and OD signal were assumed to exhibit the
same dependence on the local photon density.

2.5 Influence of Tissue Blood Content

In the presented approach, the 3D anatomical structure of the
brain region was taken into account in detail, while the pri-
mary blood content within the different tissues was not con-
sidered. At this time, it is not possible to visualize all small
blood vessels within the cerebral tissue and simulate the dy-
namics of the blood flow within the cerebral vessels. As will
be mentioned later in this section, blood and blood-ICG inter-
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Table 4 Standard case: Calculated photon density distributions of Table 3 were weighted with the rel.
BV within the tissue for d;=2 cm, d,=3 cm, and d;=4.5 cm at brain regions with high and low volumes
of CSF in the surrounding. 4 : The values for the rel. BV for scalp and scull were calculated based on CBF
values published by Xu (Ref. 48) and Zhu (Ref. 49). ¢: The CBV for white and gray matter were
published by Leenders (Ref. 47) in 1990. ¥r: For healthy volunteers, CSF does not contain blood and
therefore it does not contribute to changes in the baseline of the OD signal.

Tissue for stsscl:ioli\(j case Low volume of CSF High volume of CSF
2cm 3cm 4.5 cm 2 cm 3 cm 4.5 cm
Scalp 410 69% 45% 30% 72% 56% 25%
Skull 405 31% 17% 14% 19% 18% 10%
CSF #0 0% 0% 0% 0% 0% 0%
Gray Matter 052 0% 28% 45% 6% 21% 56%
White matter 027 0% 10% 1% 3% 5% 9%

mix have different passage velocities in the intracerebral and
extracerebral tissues, whereby ICG does not pass the capillary
walls.

The MC simulations described so far included optical char-
acteristics of the different tissues as reported in the literature
(baseline conditions). As the associated values were deter-
mined by using tissue samples where the blood content was
not specified or unknown, it was only possible to make hypo-
thetical assumptions with respect to the effects on the OD
signal associated with changes in the blood content of the
various tissues. The simulations outlined in the following
were nevertheless considered useful, because they allowed us
to assess the clinical significance of the NIRS ICG dye dilu-
tion measurement method.

Three theoretical cases with different sets of rel. BV con-
tents were considered: a “standard,” a “below average,” and a
“best” case scenario (Tables 4-6). The respective rel. BV val-
ues were chosen according to literature data. ICG dye was at

first not taken into account in these simulations. In a further
step, the case of NIRS in combination with ICG dye dilution
was approximated. After bolus injection, the rel. BV in the
tissues will rapidly be replaced with the blood-ICG dye inter-
mix causing a large jump of the OD signal due to the high
absorption of ICG. Yet, the measured slope of this signal can-
not be attributed to a specific tissue in a straightforward man-
ner because the ICG reaches all tissues involved in the mea-
surement but the mean transit times mtticg are different.
Accordingly, the possible effect of the first passage of the
blood-ICG dye passage within the observed optical segment
was assessed by consideration of different exchange fractions
A of the rel. BV (Table 7) containing the blood-ICG intermix.

Yet another aspect is of interest. Baseline conditions asso-
ciated with a given rel. BV cannot be quantified as long as
these conditions are strictly constant. Under certain clinical
circumstances, however, such as in neurointensive care, rela-
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Table 5 Below average case: Calculated photon density distributions of Table 3 are weighted with the
rel. BV within the tissue for d;=2 cm, d,=3 cm, and d3=4.5 cm at brain regions with high and low
volumes of CSF in the surrounding areas. For the below average case, the rel. BV values, given in Table
4, were reduced by 5% for the extracerebral tissues of scalp and skull (#), while the rel. BV for the
cerebral tissue of gray and white matter (&) were reduced by 15%. ¥r: For healthy volunteers, CSF does
not contain blood and therefore it does not contribute to changes in the baseline of the OD signal.

Rel. BV

Tissue for below average case Low volume of CSF High volume of CSF

2cm 3ecm  45cm 2cm  3cm  4.5cm
Scalp 41.0-5%=0.95 69%  47% 33% 73%  57% 25%
Skull €0.5 -5%=0.475 31%  18% 15% 19%  18% 16%
CSF 0 0% 0% 0% 0% 0% 0%
Gray matter 052 -15%=4.42 0% 26% 42% 5% 19% 51%
White matter 027 -15%=2.295 0% 9% 10% 3% 5% 8%

044009-7
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Table 6 Best case scenario: Calculated photon density distributions of Table 3 weighted with the change
in the relative blood volume within the tissue for d;=2 cm, d,=3 cm, and d;=4.5 cm at brain regions
with high and low volumes of CSF in the surrounding. For the best case, the rel. BV values, given in Table
4, were increased by 5% for the extracerebral tissues of scalp and skull (), while the rel. BV for the
cerebral tissue of gray and white matter (&) were enlarged by 15%. Y«: For healthy volunteers, CSF does

not contain blood and therefore it does not contribute to changes in the baseline of the OD signal.

Rel. BV

Tissue for best case Low volume of CSF High volume of CSF

2cm 3 cm 4.5 cm 2 cm 3cm 4.5 cm
Scalp 41.0+5%=1.05 69%  44% 30% 72%  54% 24%
Skull 40.5+5%=0.525 31% 16% 13% 18% 18% 9%
CSF 770 0% 0% 0% 0% 0% 0%
Gray matter 052+15%=5.98 0% 30% 46% 7% 22% 58%
White matter 02.7+15%=3.105 0% 10% 1% 3% 6% 9%

tively slow (in comparison to the heart beat) and small
changes of the baseline conditions themselves, given by the
primary rel. BV are observed. Likewise, a signal that varies
synchronously with the breathing cycle can be isolated (e.g.,
Fig. 4). As such changes may be significant and important
clinically, an analysis of the dependence of the measured val-
ues of the rel. BV of the various tissues involved is of rel-
evance.

As a positive circumstance in view of clinical applications,
the rel. BV for gray and white matter is higher than for the
scalp and skull. Leenders? estimated the CBY, here used as
the rel. BV and measured in ml/100 g, for gray matter to be
5.2 and for white matter to be 2.7, respectively. The rel. BV
factors for scalp and skull, in turn, were calculated from val-
ues of the CBF values published by Xu Zhu,**’ where the
CBF is given with 50.2 for the brain, O (Ref. 48) or 1.8 (Ref.

49) for the bone and 2.0 for the scalp, measured in ml/min
X100 g. These values have been considered as the standard
case in the following.

Based on these findings, the assumptions made for the be-
low average and the best cases were based on the following
further considerations: First, the change of rel. BV for the
brain tissue is related to the change in CBV, which has been
estimated to vary in a power-law relationship with the CBF
(CBV=0.8 X CBF**, Grubb™), implying that 15 to 20% of
the relative blood content is exchanged per unit of time. Func-
tional MRI studies with high temporal resolution in relation to
visual stimulation,”” yielded a ACBV of 27+4%. Other
groups reported a CBV increase of 10+13% for optic flicker
simulation with 2-Hz and 21+5% for 8-Hz stimulation
frequencies.” Average CBV increases for humans have been
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Table 7 Influence of the exchange fraction A of the rel. BV content, while NIRS ICG dye dilution is
performed and a blood-ICG intermix passes the optical segment: Calculated photon density distributions
of Table 3 were weighted with the exchange fraction A of the rel. BV within the tissue for d;=2 cm,
d,=3 cm, and d;=4.5 cm at brain regions with high and low volumes of CSF in the surrounding. The
values for the rel. BV are taken from Table 4. The exchange fraction A of the rel. BV values for the
extracerebral tissues of scalp and skull (#) were assumed to be on the order of 10%, while the exchange
fraction of the rel. BV for the cerebral tissue of gray and white matter (¢) were assumed to be on the
order of 30%. vr: For healthy volunteers, CSF does not contain blood and therefore it does not contribute
to changes of the OD signal.

Exchange fraction

Tissue A rel. BY Low volume of CSF High volume of CSF

2 cm 3cm  4.5cm 2cm 3cm 4.5 cm
Scalp 41.0x0.1=0.1 70% 26% 14% 61% 37% 1%
Skull 40.5%x0.1=0.05 30% 10% 7% 16% 12% 4%
CSF #0 0% 0% 0% 0% 0% 0%
Gray matter ©5.2%x0.3=1.56 0% 48% 64% 15% 41% 74%
White matter ©2.7%x0.3=0.81 0% 16% 15% 8% 10% 1%
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Fig. 4 Presented are the monitored OD signal of the two receivers (rx1 and rx2) used for the bilateral NIRS setup applied on a patient, each for the
wavelengths of 857 and 785 nm. The time frame is chosen to show the changes in the monitored ODs after an ICG dys dilution injection has been
applied on the patient who is artificially ventilated with an inspiratory pressure of 25 mbar and an expiratory pressure of 10 mbar. The strong rise
in the OD signal is caused by the high absorption coefficient of the injected ICG dye, while the small waves on top of the slopes axe showing the
variation of the blood content in the monitored optical segments in relation to the different inspiratory pressure.

measured in the range of 32+10%,”' 10.9+2.5%,
23.5+14.6%,” and 28+7%"* in bolus tracking MRI experi-
ments. Based on these reported data, we assumed a change in
the rel. BV for gray and white matter of 30% as representative
to estimate the influence on the monitored OD signals during
NIRS with ICG dye dilution. That the change in the rel. BV
can be monitored with NIRS accompanied by ICG dye dilu-
tion is shown in the following case (Fig. 4), where a patient
was mechanically ventilated with an inspiratory pressure of
25 mbar and an expiratory pressure of 10 mbar.

From our unpublished results for NIRS ICG dye dilution
measurements, we perceived transit times of ICG (mttycg) in
the range 5 to 12 sec for the brain tissue. The mtt;cg for the
scalp was measured to be approximately 20 sec on a patient
with a brain herniation, where the interruption of the CBF
circulation could be documented with a transcranial Doppler
measurement. Based on the relationship CBF=CBV/mtt, we
estimated as representative factors the ones presented in
Tables 5 and 6. The change in rel. BV in the extracerebral
tissue was assumed to be smaller than in the cerebral tissue,
due to the fact that the blood flow is smaller and slower. The
change of rel. BV in extracerebral tissue was therefore esti-
mated to be on the order of 10%. In healthy persons, the CSF
does not contain blood, and based on this circumstance, it was
not assumed to cause changes in the OD signals.

To analyze the influence of the rel. BV content on the
baseline signals, the above mentioned changes in rel. BV val-
ues (30% corresponding to +£15% and 10% corresponding to
+5%, respectively) were used to reweight the MC simulation
results of the spatial photon density distribution within the
different tissues.

In the below average scenario, we hypothesized that the
results of the primary simulations could be weighted with the
rel. BV contents as mentioned above: A reduction of 5% for
scalp and skull and of 15% for gray and white matter was
assumed. In turn, for the best case scenario, the rel. BV con-
tents were increased by 5% for scalp and skull and by 15% for
the gray and white matter. The results of these weightings are
given in Tables 5 and 6.

In order to model the passage of an ICG bolus through the
observed optical segment hypothetically, the exchange frac-
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tions of the rel. BV, A (exchange of intravascular volume per
unit of time due to blood flow) were assumed as 10% (rela-
tively slow blood perfusion) for scalp and skull, while those
for gray and white matter were set to 30% (high blood perfu-
sion). Only in this scenario, which involves the application of
ICG, can the maximal possible change in the absorption be
monitored: As long as no ICG dye is present, the exchange A
of the rel. BV does not manifest itself because there is no
change in the absorption coefficient, under the assumption
that the blood content itself is constant.

Finally, the DPF was determined from the step-size A/ and
the number of steps n the photon needed to pass from the
emitter to the detector according to

nAl
DPF=—. (8)
d

Because the ICG concentration is strongly changing between
the time of injection (bolus) and the first and second passage
of the optically observed brain segment and further decreases
according to the clearance rate of the liver, which under nor-
mal conditions, causes ICG to disappear within 15 to 20 min
after injection, the change of the DPF due to altered paths of
the photons was not considered.

3 Result

A first simulation series was devoted to three different
emitter-detector distances applied to the human forebrain,
whereby the region of interest was near the temple (near slice
8 in Fig. 1), an area that includes a deep sulcus with a high
amount of CSF. Further simulations were performed 1.5 cm
closer to the sagittal line of the head (approximately slice 6 in
Fig. 1). This region contains less CSF (volume). The MC
simulations for the smallest emitter-detector distance of d
=2 c¢cm were made with no reduction factor (i.e., k=1) in
order to verify the influence of the absorption factor w,. For
the arrangement with an interoptode distance of d=3 cm, the
reduction factor for the absorption was set to k=0.1. In case
of the distance of d3=4.5 cm, a reduction factor of k=0.01
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was used. For all simulations, the opening angle of the light
beam of the emitter optode was specified to be @=45 deg.

The results of the simulations pertaining to the region with
a low CSF volume are shown in Fig. 5, while those relating to
the region with a deep sulcus filled with a large volume of
CSF are shown in Fig. 6.

3.1 Photon Density Distribution within the Tissues

The successful paths of the photons were analyzed to extract
information with respect to the tissues that were traversed and
to the spatial photon density distribution in each material. In
Table 3, the relative photon density distributions are listed for
the tissues of the scalp, skull, CSF, gray matter and white
matter. A distinction was thereby made between the emitter-
detector pair at positions with high and low CSF volume in
the optically observed areas, respectively.

There is a relatively small difference in the overall photon
density distribution between the three examined emitter-
detector pair positions. With a emitter-detector spacing d,;
=2 cm, however, simulated photons travel almost entirely
through the scalp and skull only, while for d,=3 cm, 6 to
10% and for dz=4.5 cm approximately 16 to 22% of the pho-
tons also pervade the brain. As expected, with increasing
emitter-detector distance, the photon density in the gray and
white matter increase. Yet, the simulated photon density dis-
tributions are still low, which implies that even in the best
case, only 22% of the OD signal is obtained from gray and
white matter, while the rest of the signal is dominated by
extracerebral contamination.

These results (Table 3, baseline conditions) describe the
situation where the observed optical segment is associated
with unknown, presumably very low rel. BV content within
the different tissues. The weighted results, taking the blood
content for standard, below average, and best case scenarios
into account are given in Tables 4-6, respectively.

The weighted simulation results for the sampled optical
segments with a low volume of CSF show that for the average
case 5 to 51% and for the best case 7 to 58% of the photon
density distribution can be expected to derive from the gray
matter, depending on the chosen emitter-detector distance.
Furthermore, 3 to 10%, or 3 to 11%, respectively, of the pho-
ton density distribution is postulated to be located in the white
matter for an emitter-detector spacing between d>=3 cm to
d3=4.5 cm. For the distance of d;=2 cm, the white matter is
hardly traversed. This allows us to conclude that the probabil-
ity that a photon passes through the brain tissue is given by 0
to 10% for a distance of d;=2 cm for the below average or
best case of rel. BV content and up to 53 to 68% for a distance
of d3=4.5 cm for below average or best case, respectively.

The following results focus on the time point of NIRS
extended with ICG dye dilution technique, when the injected
ICG dye passes the monitored brain segment. In order to as-
sess the effects of the first passage of the blood-ICG dye
intermix in the observed optical segment on the expected
change in absorption, the results were weighted with the ex-
change fraction A of the rel. BV (Table 7). The exchange
fraction A of the rel. BV is, on the one hand, dependent on the
rel. BV content itself and, on the other, also larger for the
intracerebral tissue than for the extracerebral tissue. The as-
sumption thereby made was that the blood-ICG dye intermix
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is dominated by ICG (ICG bolus injection), which due to the
high absorption coefficient of ICG becomes apparent.

The weighted results indicate that for the first passage of
blood-ICG dye intermix, at best, between 64 to 74% of the
OD signal is determined by the gray matter of the cerebral
cortex for an emitter-detector distance of d3=4.5 cm. Al-
though these results are still strongly dependent on the rel. BV
within the tissues and on the exchange fraction A of the rel.
BV, they allow us to conclude that NIRS together with ICG
dye dilution technique can produce useful CBF measurements
within neurointensive care monitoring due to the fact that
there is a more than 50% possibility that the light is interact-
ing with the ICG dye in the blood vessels of the gray and
white matter than with other tissues. Nevertheless, corre-
sponding corrections for the extracerebral contamination still
have to be included. The significance of this conclusion has to
be relativized insofar as the baseline conditions, in particular
the rel. BV at the beginning of the measurement, are not
known. Only short-term changes of rel. BV, yet possibly clini-
cally important, can be recorded.

3.2 Differential Path Length Factor

We evaluated the DPF on the basis of the simulations of the
various configurations. The calculated values, given in Table
8, are compared with DPFs from Okada.”® As can be seen, our
results with a DPF varying between 6.15 and 7.6 depending
on the volume of surrounding CSF are similar to those pub-
lished by Okada,”® where the DPF is calculated to be 5.9. The
value® of 5.9 has also been obtained by Okada using MC
simulations. Furthermore, Okada examined the change of the
DPF in relation to the distance between emitter and detector
optodes. He showed that the DPF will decrease when the
distance between the optodes is greater than 4.5 cm, while for
narrower optode separations, the DPF remains almost con-
stant at 7.5.% The explanation he proposed for this effect was
that the CSF has an increasing influence on the DPF with
increasing distance between the optodes.

Our simulations show that for the low CSF volume case,
the DPFs for the emitter-detector distances of d;=2 cm and
d>=3 cm were approximately equal. For dz=4.5 cm, the DPF
was in turn higher. In contrast, for the simulations with a high
volume of CSF in a deep sulcus, the DPF values for d,
=2 cm and d,=3 cm were also of the same size, while the
DPF for d;=4.5 cm decreased by more than can be explained
by the different anatomical structure. Therefore, we note that
these results are due to the strong influence of the CSF on the
surrounding.

4 Conclusion and Discussion

New neuroprotective treatment options such as hypothermia
applied for brain protection after cardiac arrest, severe stroke,
or brain injury made it essential to develop new bedside moni-
toring techniques to detect cerebral ischemic thresholds and to
control the effects of treatment. Therefore, the measurement
of electrophysiological data, such as electroencephalography
or somatosensory, evoked potential, as did the monitoring of
cerebral hemodynamics and oxygenation, which are some of
the most important issues in neurocritical care.”

Since 1993, NIRS ICG dye dilutions* has been used for a
improved monitoring of cerebral hemodynamics in neuroin-
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Detector

Detector

Detector

Fig. 5 Simulation of a brain region containing a low volume of CSF. In
all three subfigures, the scalp, skull, gray matter, white matter, and
CSF are shown in single MRI image. The emitter and detector optode
are marked with black arrows on white rectangulars. The arrows mark
the direction of the light into the head (emitter) and out of the brain
(detector). The successful paths of the MC simulation between emitter
and detector are shown overlayed in dark gray. (a) MC simulation
result, optode distance d;=2 cm. (b) MC simulation result, optode
distance d,=3 cm. (c) MC simulation result, optode distance dj
=4.5 cm.

tensive care. However, from the first application of the NIRS
ICG dye dilution, one of the caveats which has been subjected
to discussion is related to the contribution of the extracerebral
tissue. A further important aspect is associated with the blood
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Fig. 6 Simulation of a brain region containing a deep sulcus with a
high volume of CSF. Details are the same as in Fig. 5.

content of the various tissues involved, which may vary con-
siderably (and is unknown in the excised tissues which were
used in the published optical data), therefore various scenarios
were subjected to a theoretical analysis.

On the basis of MC simulations, the light propagation of
NIRS in an anatomical head model was modeled and the sta-
tistical photon density distribution in the tissues were esti-
mated. Based on the results, we assume that for a emitter-
detector distance of d3;=4.5 cm, the contributions from the
white and gray matter to the OD signal vary between 16 and
22% (Table 3), that is, the calculated photon density distribu-
tions were relatively low with 11 to 17% for the gray matter
and 5% for the white matter. We interpret these results as
being representative of a scenario with an unknown, but pre-
sumably low rel. BV content in the different tissues, in par-
ticular in the tissues of clinical interest.
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Table 8 Calculated DPF for d;=2 c¢m, d,=3 cm, and d;=4.5 cm at brain regions with varying volumes
of CSF in the surrounding areas. The DPFs obtained from the MC simulation are set in relation to the

DPFs of Okada (Ref. 26).

2 cm 3cm 4.5cm
Low volume of CSF 7.15 7.24 7.6
High volume of CSF 6.95 7.05 6.15
Okada® 7.5 7.5 59

“Reference 26.

In order to obtain insight into the influence of the blood
content within the different tissues on the baseline signal,
standard, below average, or best case conditions with respect
to the rel. BV were defined. Accordingly, the calculated pho-
ton density distributions were weighted with these rel. BV
contents of the tissues, yielding the results of Tables 4-6,
respectively. The weighted results for a distance d;=4.5 cm
show a range of the baseline signal component obtained from
gray and white matter for a low CSF volume of 52 to 57%
and for a high volume of CSF of 59 to 67%. This can be
summarized in the statement that approximately 50 to 60% of
the baseline signal is contributed by the rel. BV contained
within the gray and white matter. The weighted results of the
three discussed cases of rel. BV in the tissue document that 42
to 58% of the baseline signal is determined by the blood con-
tent in the brain vessels in the gray matter for d;=4.5 cm,
while 8 to 11% is determined by blood content in the brain
vessels in the white matter. It has to be noted, however, that
this conclusion is based on a number of hypotheses regarding
the rel. BV of the various tissues involved including its influ-
ence on the baseline signal. As was explained earlier, the
baseline signal is not of interest. For the OD signal, however,
it can be assumed that the same dependence on the rel. BV
prevails because the OD signal is essentially created in the
intravascular space. The same percentages given above also
apply approximately for the OD signal.

Additionally, the scenario of NIRS extended with ICG dye
dilution has been taken into account. An assumption was
made with respect to the influence of the blood-ICG intermix
passage, causing a strong change in absorption, for an ex-
change fraction of A=30% of the rel. BV content within the
intracerebral tissue. One finds that the OD signal is deter-
mined under these conditions to an extent of 64 to 74% by the
gray matter and between 8 and 16% by the white matter maxi-
mally (Table 7). It should be noted, however, that this com-
ponent of the OD signal is strongly dependent on the baseline
of the rel. BV content in the tissues and the exchange fraction.
For high rel. BV, the OD signal will be strongly influenced by
the blood content in the brain vessels of the white and gray
matter, and the exchange fraction will be higher in these tis-
sues and have a stronger contribution to the OD signal when
blood-ICG intermix passes the observed optical segment. We
therefore conclude that the NIRS measurements in combina-
tion with the ICG dye dilution technique through the skull
with optodes placed on the scalp contains a significant contri-
bution from brain vessels within the gray and white matter
such that mtt;cg, and CBV as well as CBF can be estimated.
Yet, under all conditions investigated in the simulation pre-
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sented in this paper, the extracerebral contamination of the
OD signal must still be evaluated and, if necessary, compen-
sated, because even under the most favorable condition, 15%
of the OD signal may be derived from extracerebral tissues.
This fraction may increase to over 50% under less favorable
circumstances.

It was found that the CSF has a significant effect on the
OD signals. The reason for this effect derives from the low
values of the material coefficients w, and w, as well as from
the index of refraction for CSF. Consequently, the CSF in the
interspace between brain and skull functions as a light
guide.20 This light guiding effect can also explain the increase
in the photon density distribution through the gray matter with
increasing CSF volume. This conclusion is further supported
by the calculated DPF values.

The DPF values derived from our simulations for the as-
sumed emitter-detector distances d;=2 cm and d,=3 cm as
well as for low and high CSF compartments correspond
largely to the DPF values in the literature. We derived a DPF
of 6.15 for the case of a high CSF volume over the emitter-
detector distance of d3=4.5 cm under baseline conditions
(Table 8). This corresponds essentially to the results of MC
simulations reported by Okada.” In turn, we obtained a DPF
of 7.6 for the case of less CSF over the distance of dj
=4.5 cm. Okada argued that the DPF is influenced by the
CSF and the CSF causes a reduction of the DPF. In the ab-
sence of CSF, furthermore, the DPF is the same as for shorter
emitter-detector distances. Our results support this argument,
even if the DPF of 7.6 is slightly higher compared to the value
obtained for shorter distances, but this can be explained by the
differences in the anatomical structures, which in our ap-
proach are taken into account.
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