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Near infrared spectroscopy (NIRS) can detect
changes in the concentrations of oxy-hemoglobin
([HbO]) and deoxy-hemoglobin ([Hb]) in tissue based
upon differential absorption at multiple wavelengths.
The common analysis of NIRS data uses the modified
Beer-Lambert law, which is an empirical formulation
that assumes global concentration changes. We used
simulations to examine the errors that result when
this analysis is applied to focal hemodynamic changes,
and we performed simultaneous NIRS measurements
during a motor task in adult humans and a neonate to
evaluate the dependence of the measured changes on
detector-probe geometry. For both simulations and in
vivo measurements, the wide range of NIRS results
was compared to an imaging analysis, diffuse optical
tomography (DOT). The results demonstrate that rel-
ative changes in [HbO] and [Hb] cannot, in general, be
quantified with NIRS. In contrast to that method, DOT
analysis was shown to accurately quantify simulated
changes in chromophore concentrations. These re-
sults and the general principles suggest that DOT can
accurately measure changes in [Hb] and [HbO], but
NIRS cannot accurately determine even relative focal
changes in these chromophore concentrations. For the
standard NIRS analysis to become more accurate for
focal changes, it must account for the position of the
focal change relative to the source and detector as
well as the wavelength dependent optical properties

of the medium. ¢ 2001 Academic Press

INTRODUCTION

Optical methods based upon differential absorption
proportional to concentrations of oxy-hemoglobin
([HbO]) and deoxy-hemoglobin ([Hb]) have long been
applied to biological applications. Pulse oximetry non-
invasively monitors arterial oxygen saturation by mea-
suring arterial pulsation (1,2). Near infrared spectros-
copy (NIRS) was developed to measure average tissue
hemoglobin oxygen saturation and total hemoglobin
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concentration (3—6). NIRS has been applied to such
diverse applications as fundamental studies of brain
function (7), neonate ECMO (8), and cardiac surgery
(9) and we use it in this paper to refer to spectroscopic
measurements made with a single source-detector
pair. Diffuse optical tomography (DOT), a more recent
technique (10), reconstructs images of changes in chro-
mophore concentrations using multiple light sources
and detectors. Both NIRS and DOT measure total op-
tical absorption at multiple wavelengths, rather than
differential absorption due to pulsation, and thus are
sensitive to hemoglobin in the arterial, venial, and
capillary compartments.

The ultimate promise of optical methodologies is si-
multaneous quantification of concentrations of multi-
ple chromophores in order to determine changes in
biologically relevant quantities like blood oxygen sat-
uration and blood volume. Qualitative assessments se-
verely limit the biological issues that can be addressed.
For instance, a change in local [Hb] during stroke (11)
or stimulus-induced brain activation (12,13), as mea-
sured by fMRI, can indicate a change in blood volume,
oxygen saturation, or some combination of these pos-
sibilities.

Although it has generally been presumed that the
biochemical specificity of optical absorption in the near
infrared regime translates directly into quantifiable
measurements of chromophore concentrations, the
physics of optical methods merits increased attention
as NIRS and DOT find increased application in biolog-
ical systems. It has recently been shown that the com-
mon analysis of optical reflectance spectra from micro-
scopic measurements introduces systematic “crosstalk”
between calculated changes in [Hb] and [HbO] due to
wavelength-dependent changes in optical pathlength
during global brain activation (14). Corrections for this
error may affect basic interpretations of physiology
(e.g., 15). In this report, we address another fundamen-
tal issue: namely, can spectroscopic methods accu-
rately determine relative changes in [Hb] and [HbO]
during focal or graded hemodynamics changes, or are
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imaging methods required to accurately measure these
changes?

In order to address this issue, we illustrate the wide
range of results that can be obtained by NIRS using the
modified Beer—Lambert law, MBLL (4,5), to calculate
changes in [Hb] and [HbO] during focal motor activa-
tion in adult humans and a neonate. We then present
a theoretical analysis of the accuracy of the modified
Beer—Lambert law for quantifying focal concentration
changes. We show that the wide disparity of results in
interpreting human subject data using the MBLL is
consistent with our description of the errors being
driven by partial volume and differential sensitivity
effects. These errors can be significantly reduced by
DOT (16,17).

THEORY

To set the theoretical context for our analysis, we
briefly review the modified Beer—Lambert law as ap-
plied to quantifying global changes in oxy- and deoxy-
hemoglobin. The rest of the paper examines the valid-
ity of applying this simple theoretical model to
analyzing focal changes.

Near-Infrared Spectroscopy

The theory of the modified Beer—Lambert Law
(MBLL) has been explained previously (4,5). Briefly,
the technique is based on the absorption of near infra-
red light by oxy- and deoxyhemoglobin. Changes in the
concentrations of these chromophores are quantified
using a modified Beer—Lambert law, which is an em-
pirical description of optical attenuation in a highly
scattering medium (4,5). The modified Beer—Lambert
law is

OD = —Iogl—zeCLB+G, (1)
0

where OD is the optical density, I, is the incident light
intensity, | is the detected light intensity, e is the
extinction coefficient of the chromophore, C is the con-
centration of the chromophore, L is the distance be-
tween where the light enters the tissue and where the
detected light exits the tissue, B is a pathlength factor,
which accounts for increases in the photon pathlength
caused by tissue scattering, and G is a factor which
accounts for the measurement geometry. We use the
convention of log base e.

A change in the chromophore concentration causes
the detected intensity to change. When the concentra-
tion changes, the extinction coefficient e and distance L
remain constant and it is assumed that B and G re-
main constant. Thus, Eqg. (1) can be rewritten as
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FIG. 1. These values for the molar extinction coefficients are in
units of [cm~'/(moles/liter)] and were obtained from (5,19,20).
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AOD = —log = eACLB,

(2)
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where AOD = ODgj,a — OD i 1S the change in optical
density I, and I, are the measured intensities
before and after the concentration change, and AC is
the change in concentration. L is specified by the probe
geometry, € is an intrinsic property of the chro-
mophore, and B is often referred to as the differential
pathlength factor (DPF) and can be determined from
independent measurements with ultrashort pulses of
light (18) and has been tabulated for various tissues.
Thus, given the extinction coefficient, it is possible to
guantify the change in chromophore concentration.

Figure 1 plots the extinction coefficients for oxy- and
deoxyhemoglobin versus wavelength as measured by
Cope et al. (5,19,20). The wavelength range of 600 to
900 nm in the graph is the only region in which light is
able to penetrate several centimeters through tissue.
The other chromophores of significance in tissue in this
wavelength range are water, lipids, and cytochrome
aa3. We do not consider these chromophores in this
paper, as their contribution in general is an order of
magnitude less significant than hemoglobin. In order
to consider the contribution of two chromophores, we
must rewrite Eq. (2) as

AOD* = (e} oA[HDO] + €} A[Hb])B,  (3)

where \ indicates a particular wavelength. Equation
(3) explicitly accounts for independent concentration
changes in oxyhemoglobin (A[HbO]) and deoxyhemo-
globin (A[Hb]).

By measuring AOD at two wavelengths (A, and \,)
and using the known extinction coefficients of oxyhe-
moglobin (e.,0) and deoxyhemoglobin (e.,) at those
wavelengths, we can then determine the concentration
changes of oxyhemoglobin and deoxyhemoglobin,
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The generalization of this formula for more than two
wavelengths can be found in (5).

Photon Diffusion Equation

A more rigorous theory for the migration of photons
through tissue has been developed based on the radi-
ative transport equation. This approach recognizes
that near-infrared photons in tissue essentially un-
dergo a random walk because the scattering probabil-
ity is much greater than the absorption probability,
and therefore their propagation through tissue can be
described by a diffusion equation. The photon diffusion
equation is (21-23),

O(r, t)

—DV2d(r, t) + v, ®(r, t) + ot

= vS(r, t).
(5)

®(r, t) is the photon fluence at position r and time t (the
photon fluence is proportional to the intensity). S(r, t)
is the source distribution of photons. D = v/(3u.) is the
photon diffusion coefficient (24,25), w. is the reduced
scattering coefficient, . is the absorption coefficient,
and v is the speed of light in the medium. Note that the
absorption coefficient is related to the extinction coef-
ficient and the concentration as p, = €C. For a combi-
nation of the hemoglobin chromophores,

Ka = €npoHDO] + €p[HD]. (6)

Equation (5) accurately models the migration of light
through highly scattering media provided that the
probability of scattering is much greater than the ab-
sorption probability. Note that all factors in Eq. (5) are
wavelength-dependent.

Solutions of the photon diffusion equation can be
used to predict the photon fluence (or intensity) de-
tected for typical diffuse measurements (23). Assuming
that concentration changes are both global and small,
the solution of the photon diffusion equation for a semi-
infinite medium is

(7)

1/ 3wl \12 1
= E (M;nitial) [1 - (1 + L(SMélnitialMlanitial 1/2)

X (EHboA[HbO] + EHbA[Hb])L

The solution of the photon diffusion equation for
representative tissue geometry (Eq. (7)) tells us that
the modified Beer—Lambert law is reasonable for tis-
sues with spatially uniform optical properties when the
chromophore concentration does not change signifi-
cantly (i.e., A[X]/[X] < 1). Equation (7) shows that the
pathlength factor B in Eqg. (3) is given by

1
5=
(8)

for a semi-infinite medium. This shows that B depends
on tissue scattering, initial chromophore concentra-
tion, extinction coefficient (and thus B is wavelength
dependent), and optode separation. In practice, the
validity of the assumption that B is independent of p.,
and L has often been ignored since B is in general
empirically determined and the changes in p, are typ-
ically small. The validity of the approximation that
changes in the optical properties are spatially uniform
has not been checked. In particular, do systematic er-
rors result when there is a focal change in the absorp-
tion coefficient, as during the cerebral vascular re-
sponse to neural activity or ischemic stroke?

3L\ 12 1
MInitiaI) [1 - 1+ L(SM’slnitialMlnitial 12)

a a

Diffuse Optical Tomography

In order to reconstruct an image of spatial variations
in Hb and HbO, we need to measure ¢ (ry) at multiple
source and detector positions and essentially back-
project the image. The general solution of the photon
diffusion equation for a medium with spatially varying
absorption is

\"
CD(rd) = q)incident(rd) - J‘ d(r) 5 (EHbOA[HbO]

9)
+ enpA[Hb])G(r, rydr.

For reflectance in a semi-infinite medium, the solutions
for ®;eene @and G(r, ry) can be found in Farrell et al.
(26). Equation (9) is an implicit equation for the mea-
sured fluence as ®(r) appears in the integral on the
right-hand-side. This equation can be solved using the
first Born approximation, which assumes that ®&(r) =
q)incident + q)sc Where (27!28)
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Dy(ry) = _J (I)lnmdent(r) (eHbOA[HbO]
(10)
+ €pA[Hb])G(r, rydr.

By measuring ®.(ry) using multiple source and de-
tector positions and multiple wavelengths, we can in-
vert the integral equation to obtain images of A[HbO]
and A[Hb]. There are numerous methods for solving
Eqg. (10) (29). Most rely on reducing Eg. (10) to a matrix
equation by rewriting the integral as a sum over
voxels, i.e., y = Ax, where y is the vector of measure-
ments ®(r,), X is the vector of image voxels, and A is
the transformation matrix obtained from the integrand
of Eqg. (10). The integrand of Eq. (10) essentially de-
scribes the sensitivity that each measurement has to
the change in absorption within each volume element
within the medium. In other words, if the absorption
changes within a localized region, then

q)incident(rsv rd) + q)sc(rsv rd))
(Dincident(rs- rd)
q)sc(rsv rd) q)incident(rsv I’)G(I’, rd) vdr

~ — = AI‘L ,
(Dincident(rsa rd) ¢)incident(rsa rd) D 2

AODgorn = — |0g<

(11)

where dr is the volume over which the absorption
change A, occurs and Au) = (e}woA[HDO] + €}A[HD]).

Hemodynamic Cross-Talk Resulting from a
Systematic Error

When we use the modified Beer—Lambert law (Eq.
(3)) to analyze the absorption change within a focal
region (Eg. (11)), we are assuming that AODyg, =
AOD3orn. This gives us

1 (Dincident(rSl r)G*(r, rd) vdr
B/\L CDincident(rsv rd) D

X AM;,BORN = k)\AI‘LQ,BORN'

AV«g,MBLL =
(12)

Apleorn is the real change in absorption (Aw)ge.) and
Aplvew is the absorption change that we will measure
(A veas) having assumed the accuracy of the modified
Beer—Lambert Law. This indicates that we will mises-
timate the real absorption change by k*. k* will typi-
cally be less than 1 due to the partial volume effect.

To explore the effect of this factor on our determina-
tion of A[HbO] and A[Hb], we return to Eq. (4) which
related the measured concentration changes to the
measured absorption changes:
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If the measurements at different wavelengths have the
same sensitivity to the focal change, then k™ = k** and
Eqg. (13) reduces to A[X]ueas = KA[X]grea Such that the
value we measure is linearly proportional to the correct
value and the calculated ratio A[HbO]:A[Hb] equals the
correct ratio. However, since the optical properties at
different wavelengths are generally different, the spa-
tial sensitivity profiles are thus also expected to be
different with the result that k* # k. Therefore, in
general, there is cross-talk between real focal hemoglo-
bin concentration changes and the determined/calcu-
lated concentration changes. This cross-talk can only
be removed if the values of k™ and k** are known. This
problem can potentially be solved by diffuse optical
tomography, or prior knowledge of the geometry and
optical properties of the head as well as the spatial
location and extent of the focal activation. This paper
explores the significance of this cross-talk in experi-
ments and simulations.

METHODS

Adult Human Brain Activation

We compared signals recorded from neighboring de-
tector fibers on an adult human during the perfor-
mance of a simple motor task. The study was per-
formed under a protocol approved by the MGH internal
review board. A single source location was positioned
1.5 cm posterior to position C3 in the EEG 10-20 sys-
tem. This source was composed of two laser diodes—780
and 830 nm-which were fed into a 1 mm bifurcated
fiber. A 2-mm detector fiber was positioned 1.8 cm
anterior to C3 (on the line formed by C3 and the
source). Another detector fiber was also positioned 3.3
cm from the source, but more medially than the first
detector, with a center-to-center detector separation of
1.0 cm. It has been shown that C3 and C4 lie approx-
imately over the hand areas of primary motor cortex
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(30). Hence, this optode arrangement was expected to
sample M1 for the right hand.

Prior to commencing the recording, the subject was
asked to simply rest quietly. When the experimental
run began, the subject alternated between quiet rest
for 15 s, and 15 s of 4-finger flexion/extension with the
right hand (at approximately 3 Hz). The subject per-
formed 10 blocks of the motor task, interleaved with 11
blocks of rest, for a total run length of 315 s.

Adult Human Data Analysis

The resulting motor-task data was time-trigger av-
eraged—separately for each wavelength and detec-
tor—and triggering on the onset of motor activation.
Thus, each data point in the four resulting timeseries
is an average of 10 points in the original data. The two
timeseries pairs (780 and 830 nm, for each of two
detectors) were then analyzed using the modified
Beer—Lambert law. This resulted in four new time-
series: Hb and HbO time-courses for each of the two
detectors. For the pathlength factor B, a fixed value of
5.93 was used (31). To summarize the results across
three subjects we averaged the concentration change
for 5 s before onset of stimulation and then from 6-11
s following onset of the stimulus. The differences of
these average values are compared.

Neonate Brain Activation

We compared a MBLL and DOT analysis of diffuse
optical data obtained during a motor-sensory brain
activation in a newborn human. All clinical studies
were performed under a protocol approved by an insti-
tutional review board-, and parents signed informed
consent prior to initiation of studies. More details of
this human subject study can be found in Hintz et al.
(36). For the results presented here, a 32—-33 week EGA
infant underwent a passive motor stimulation protocol.
The infant was quiet and asleep, but not pharmacolog-
ically sedated. The patient had a normal heart rate and
O, saturation by pulse oximetry during the approxi-
mately 40-min study period.

For this study, a large probe was designhed and was
placed in true midline position in the area that corre-
sponded to the motor cortex (see Fig. 3). For the optical
probe, the nine source fibers were arranged ina 3 X 3
grid with a 2 X 1-cm spacing. The 16 collection fibers
were arranged in a 4 X 4 grid with the same 2 X 1-cm
spacing. To improve optical coupling, the height of each
fiber was manually adjusted to match the surface con-
tours of the skull. The Z positions were not measured,
nor was the actual contour of the scalp. There were no
complications from probe placement.

Baseline data were collected for 20 s, then the pa-
tient’s right arm was flexed and extended at the elbow
with a 1 Hz repetition rate. This study employed a 5-s
integration time, and each stimulation period was 30 s

with a rest period of 45-60 s between each stimulation
period. Imaging data was collected at both 780 and 830
nm to facilitate a spectroscopic determination of oxy-
and deoxyhemoglobin.

Neonate Data Analysis

The optical data recorded from the multiple source-
detector pairs on the neonate brain was analyzed using
two different approaches: a NIRS analysis was per-
formed for each source-detector pair using the modified
Beer—Lambert law (MBLL), and a DOT analysis com-
bined the information from all such pairs to recon-
struct images of optical absorption. Each analysis
treated the geometry as a semi-infinite medium with a
homogeneous distribution of absorbers, except for the
localized activation, and used the expression presented
previously. For the MBLL analysis, the pathlength
factor B was calculated using Eq. (10) with pn{ = 10.0
cm ™', [HbT] = 100 pM, SO2 = 85%, and the known
separations L between various source-detector pairs.

For the DOT analysis, we used the Simultaneous
Iterative Reconstruction Technique (SIRT) to invert
Eg. (10) (17,28). SIRT is a variation of the Algebraic
Reconstruction Technique (ART), which sequentially
projects estimates onto a hyperplane defined by a par-
ticular row of the linear system. SIRT has been ob-
served to generate smoother reconstructions of the ob-
ject function due to the averaging over a number of
projections, but this comes at a cost of slower conver-
gence. The SIRT reconstruction can be expressed
mathematically as X; = X,_, — mean((X,_,a; — bj/(a/a;))
a;), where X; is the i estimate of the object function, a;
is the i™ row of the transformation matrix A, and b; is
the i"™ measurement. For underdetermined systems,
this reconstruction will converge to a point on the
hyperplane satisfying the linear system that is nearest
to the initial guess. Limiting the number of interac-
tions controls regularization; our reconstructions were
performed using 10 iterations of the SIRT algorithm,
starting with an initial guess of zero perturbation.

DOT images were reconstructed in a 6 X 3-cm plane
positioned at a depth of 1 cm, with a thickness of 3 mm,
and located parallel to the source/detector plane. The
voxel size was 3 X 1.5 X 3 mm in the x, y, and z
directions respectively, giving an image with 21 X 21 X
1 voxels. With this geometry, we reconstructed 2-D
images of the absorption coefficient, and we assumed
that the out-of-plane optical properties remain un-
changed. This means that any out-of-plane optical
changes were projected into the image plane.

Simulations

In order to understand the wide range of results
obtained by our simultaneous NIRS measurements in
the neonate, we simulated the experimental setup and
the process of light diffusion through a simplified me-



THE ACCURACY OF NIRS DURING FOCAL HEMODYNAMIC CHANGES 81

dium containing a focal hemodynamic change. The
simulated data, based upon the forward solution to the
diffusion equation, was analyzed using the MBLL and
DOT methods described previously in order to deter-
mine how closely each method reconstructed the
known changes in chromophore concentrations.

To simulate changes in the diffuse intensity (i.e.,
AOD) due to a focal change in total hemoglobin concen-
tration, we employed the first Born approximation (Eq.
(12)) to solve the photon diffusion equation. We used a
reduced scattering coefficient of 10 cm™" and included
absorption coefficients at wavelengths of 780 and 830
nm that depended only upon oxy- and deoxyhemoglo-
bin. To calculate the absorption coefficient for different
concentrations of hemoglobin, we used the tabulated
extinction coefficients provided by Cope et al. (5,19,20)
as shown in Fig. 1. For the semi-infinite medium, we
used an index of refraction n = 1.33, and we assumed
baseline values of HbT = 100 uM and SO, = 85% to
give p*° = 0.175 cm ™ and wd* = 0.214 cm™. A focal
increase in absorption (the “object”) was positioned
half-way between the first source (S1) and sixth detec-
tor (D6) at a depth of 1 cm. It had dimensions of 0.3 X
0.15 X 0.3 mm in X, y, and z respectively. The reduced
scattering coefficient of the object was the same as the
background, and the absorption coefficient was p.* =
0.210 cm * and p* = 0.257 cm™* corresponding to a
20% increase in total hemoglobin concentration and
S = 0.035 cm ! and duf* = 0.043 cm™'. The image
of the change in the absorption coefficient was recon-
structed with 10 iterations of SIRT, as described above
for the neonate data analysis.

Numerous optical instruments available for mea-
surements of localized concentration changes in gen-
eral, and brain function specifically, utilize more than
two wavelengths. The Hamamatsu NIRO-500 uses
four wavelengths of 778, 813, 867, and 900 nm. A
system developed by ISS uses 8 wavelengths of 631,
670, 751, 776, 786, 813, 830, and 841 nm (personal
communication with Franceschini). True white-light
spectroscopy systems also exist that utilize the whole
wavelength spectrum from 700-900 nm for example
(32). We have therefore also performed simulations on
the above geometry using these three different wave-
length combinations. Furthermore, in addition to a
focal change of 20% in [HbO] and [Hb], we also consid-
ered a 30% decrease in [Hb] and a 29% increase in
[HbO].

RESULTS

Adult NIRS

The results of the adult NIRS experiment appear in
Fig. 2. The dark bar atop each graph indicates the time
of motor activity (0—15 s). The oxyhemoglobin curves
for the two detectors (bottom panel) lie directly atop
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FIG. 2. Time course of A[HbO] and A[Hb] response to a motor
stimulation lasting 15 s from t = 0 to 15 s. The response at the two
different detectors are shown for the first subject. Notice that A[Hb]
differs between the two detectors while A[HbO] remains nearly the
same. In addition, the initial increase and peak in A[HDb] at position
1 is similar to that of A[HbQO].

one another. Both exhibit an increase in [HbO] starting
at approximately 3 s and peaking at approximately 8 s
which, after the cessation of motor activity, decreases
back to baseline in approximately 9 s. The deoxyhemo-
globin curves, however, are not at all similar. One
detector shows an early increase in Hb (3-10 s) that
partially coincides with the [HbO] rise, whereas the
other detector shows only a decrease in [Hb] starting
around 5 s, peaking at 10 s, and returning to baseline
around 25 s (that is, 10 s after cessation of motor
activity). It is clear from these two graphs that the
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TABLE 1

Summary of the Peak Response in A[HbO] and A[Hb] at
the Two Different Detector Positions for Three Subjects

Subject  Position  A[HbO] (uM)  A[Hb] (uM)  A[HbOJ/A[Hb]
A #1 1.4 0.31 45
#2 1.5 -0.36 —4.2
B #1 0.46 8.1e-4 570
#2 -0.21 1.0 -0.21
C #1 1.3 0.067 19
#2 1.1 0.16 6.9

A[HDb]/A[HbO] ratio is not only different between the
two detectors, but it is not even of the same sign.
Table 1 quantifies this lattermost phenomenon ob-
served across three subjects. The first column shows
A[Hb] and A[HbO] calculated by subtracting the mean
of the prebaseline (=5 to 0 s) from the mean at the
initial activation peaks (6 to 11 s). Using these num-
bers for the first subject, notice that the A[HbO]/A[Hb]
ratios for detector 1 would all turn out positive, while
the same ratios are negative for detector 2, despite
(assumed) overlapping brain sensitivity profiles given
their relatively small (1 cm) separation. Similar large
discrepancies are seen in the other two subjects.

780 nm

¢
:

Neonate

DOT images of the focal changes in absorption at 780
and 830 nm in response to 30 s of the sensory motor
stimulation in the neonate are shown in Fig. 3. The
images where obtained by averaging 5 different stim-
ulation trials on a single neonate. The transition from
blue to green to red indicates increasing absorption on
a linear scale indicated by the color bar. These images
indicate a focal increase in the total hemoglobin con-
centration, which is consistent with an increase in
blood flow to the activated region in the contralateral
cortex. A region of interest analysis of the activated
region in the contralateral cortex indicated that A[Hb]
= 2.8 pM and A[HbO] = 8.5 uM.

An overlay of the sources and detectors on the DOT
absorption image obtained at 780 nm is shown in Fig.
4a. The changes in oxy- and deoxyhemoglobin as de-
termined by MBLL analyses for source S7 with detec-
tors D1, D2, D5, and D6 are shown in Fig. 4b together
with the result obtained using the DOT analysis. Note
that absolute changes in [Hb] and [HbO] as determined
by the MBLL were more than an order of magnitude
smaller than the DOT result; this difference was ex-
pected and is trivially explained as a partial volume
error arising from the focal nature of the hemodynamic

830nm

= 0.014 cm!

-0.002 cm'!

3 x 6 cm probe
« Detectors

e« Sources

FIG. 3. Diffuse optical tomography images obtained from activation of the motor-sensory cortex of a neonate. The drawing of the neonate
head indicates the position of the sources and detectors on the scalp. In the images, which were reconstructed in a plane parallel to the plane
of sources and detectors, red indicates an increase in the absorption coefficient while blue indicates a small decrease in the absorption
coefficient due to the activation. Images are shown for the measurements made at 780 and 830 nm.
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(a) An overlay of the sources and detectors on the image reconstructed at 780 nm. (b) NIRS analysis of the measurements made

between source 7 and detectors 1, 2, 5, and 6. The calculated changes in [HbO] and [Hb] reveal significant differences depending on the
position of the detector. The result obtained by DOT is shown of the right (its magnitude has been reduced by 20-fold).

response. More significantly, however, the MBLL anal-
yses for each source-detector pair determined widely
different relative changes in [Hb] in [HDbO], even
though the source and all detectors were in close prox-
imity to the focal hemodynamic alteration as deter-
mined by DOT.

Simulations

The image reconstructed from the simulation at 780
nm is presented in Fig. 5a with an overlay indicating

the positions of the sources and detectors. The color
scale is linear with the transition from blue to green to
red indicating an increased absorption. Note that the
centroid of the reconstructed object was shifted toward
source S1 relative to the actual location, which is
marked on the figure with an “X”. The full width at half
maximum of the reconstructed object was significantly
larger than the real object due to a point spread func-
tion introduced by the probabilistic nature of photon
diffusion and the limited sampling. However, the re-
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(a) An overlay of the sources and detectors on the image reconstructed at 780 nm from simulated data. The “x” near source 1

reveals the actual position of the absorbing object. The DOT reconstruction resulted in A[HbO] = 17 uM and A[Hb] = 3.0 uM compared to
the actual values of A[HbO] = 17 uM and A[Hb] = 3.0 wM. (b) NIRS analysis of the measurements made between source 7 and detectors 1,
2, 5, and 6. The calculated changes in [HbO] and [Hb] are 3 orders of magnitude smaller than the actual changes and reveal significant
differences depending on the position of the detector. For comparison, the DOT result is shown on the right, reduced by 3 orders of magnitude.

The DOT result agrees well with the actual result.

constructed peak change in the absorption coefficient
was approximately equal to the known change. The
image at 830 nm was similar. A region of interest
analysis using a 3 by 3 voxel square centered around
the peak absorption revealed that the reconstructed
object had A[Hb] = 2.2 puM and A[HbO] = 18 uM,
which is similar to the actual changes of A[Hb] = 3.0
wM and A[HbO] = 17 wM. As expected, the magnitude
of these changes diminished using larger summated
regions due to the focal nature of the hemodynamic
perturbation, but the ratio of A[Hb] to A[HbO] was less

sensitive to the region size because images of A[HDb]
and A[HbO] were blurred in similar ways by the recon-
struction.

Figure 5b presents the MBLL analysis of the simu-
lated data as determined for source S7 with detectors
D1, D2, D5, and D6. In terms of absolute quantification
of A[Hb] and A[HDbO], the MBLL results were more
than 3 orders of magnitude smaller than the known
changes. The results obtained at detectors D1 and D2
were much larger than found at detectors D5 and D6
because a larger fraction of the light detected at the
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former detectors sampled the object. We tested how
these results changed as A[HbT] increased from 10 to
50 wM at constant oxygen saturation, and we found
linear relationships between changes in A[Hb] and
A[HbO] for each source-detector pair. However, the
linear slopes were widely different for each source-
detector pair, as illustrated for the single value of
A[HbT] analyzed and presented in Fig. 5b.

Although it was expected that a MBLL analysis
should reduce the absolute magnitudes of measured
concentration changes when applied to a focal change,
the more significant result was that the MBLL did not
even preserve the relative magnitudes of A[Hb] and
A[HbO]. The full extent of this problem is illustrated in
Fig. 6a, which displays the A[HbO]/A[Hb] ratio ob-
tained by a MBLL analysis of the simulated data for
each possible combination of the 16 detectors and 9
sources. While the known ratio is 5.7, the MBLL ratios
range from less than 0 to 11. The four source-detector
pairs that agree best with the correct value are circled
and correspond to source-detector pairs S4D1, S4D3,
S7D3, and S9D2.

The wide range of A[HbOJ/A[HDb] ratios can be un-
derstood in terms of the differential sensitivities of
each wavelength to the region of the focal object. From
Eqg. (10) we calculated the sensitivity to the focal ab-
sorbing region for each source-detector measurement
at each wavelength. Figure 6b shows the ratio of the
sensitivity at 780 nm to that at 830 nm for each source-
detector pair. When the sensitivity at each wavelength
was the same (and thus the ratio of sensitivities is 1),
calculated ratios of A[HbO] and A[Hb] agreed with the
actual ratio. The four source-detector pairs for which
the sensitivity ratio was closest to 1 are circled in Fig.
6b; this is more clearly illustrated in the expanded
color scale shown in Fig. 6¢c. Comparison with Fig. 6a
demonstrates that these source-detector pairs are the
same pairs that produce the most accurate evaluation
of the true [HbO]:[Hb] ratio.

Finally, Fig. 6d graphs the A[HbO]/A[Hb] ratio ver-
sus the ratio of 730 nm sensitivity to 830 nm sensitiv-
ity. Each data point in this figure corresponds to one of
the 144 measurements with the 16 detectors and 9
sources. This graph reveals the strong dependence of
the calculated ratio on the differential wavelength sen-
sitivity. A =20% difference in wavelength sensitivity
causes a 50 to 100% systematic error in the relative
values of A[HbO] and A[Hb]. If the measurement at
830 nm is more sensitive to the volume of the focal
change than that at 780 nm, then A[HbO] will be
overestimated relative to A[Hb]. This occurs because
the extinction coefficient at 830 nm is more sensitive to
changes in [HbO] than [Hb]. The reverse occurs if the
measurement at 780 nm is more sensitive to the focal
volume. It is interesting to note that even the sign of
A[HbOJ/A[Hb] changes if the sensitivity at 780 nm
becomes significantly greater than that at 830 nm.

The results of simulations exploring the effect of
using more wavelengths and different concentration
changes is summarized in Fig. 7. Basically, increasing
the number of wavelengths used in the measurement
can decrease the systematic error, but it can also in-
crease the error. In addition, the magnitude of the
fractional error in the ratio A[HbO]/A[Hb] depends on
the real concentration changes in the focal region.

DISCUSSION

In this study, we observed a wide variance in the
MBLL results for multiple simultaneous acquisitions
during a motor task in adult humans and a neonate.
MBLL and DOT results did not agree in terms of ab-
solute magnitudes, relative magnitudes, or even the
relative sign for changes in [HbO] and [Hb]. In order to
investigate sources of error in chromophore quantifica-
tion by using the standard modified Beer—Lambert
Law (MBLL) analysis of NIRS data, we performed a
simplified optical simulation using a similar geometry
to the in vivo study. The in vivo data, the results of the
optical simulation, and the underlying principles sug-
gest that the standard MBLL analysis cannot accu-
rately quantify even relative changes in A[HbO] and
A[Hb] for a hemodynamic perturbation that is focal in
nature, whereas DOT can produce a much more accu-
rate representation of hemodynamic changes. DOT is
less susceptible to such errors as it accounts for spatial
variation in the changes by proper analysis of multiple
overlapping measurements spanning the region. It
may be possible to obtain better results from the NIRS
data by using an analysis method that accounts for the
spatial variation, as opposed to the MBLL.

One standard approach to minimizing the variation
in the MBLL analysis of NIRS data from brain activa-
tion, has been to position the source and detector so as
to maximize the measured signal. In this way the par-
tial-volume effect is minimized and the results are
believed to be accurate. However, our results show that
adjusting the optodes to maximize the signal (AOD)
does not necessarily produce results with the correct
ratio A[HbOJ/A[Hb]. Importantly, it does appear that
following this procedure does insure the proper sign for
the concentration changes even though the relative
magnitudes are inaccurate.

In the human, focal brain activation was localized by
repeated placement of the optodes to maximize the
recorded activation signal. Our MBLL analysis of the
NIRS data obtained absolute magnitudes for A[HbO]
and A[Hb] that showed a wide variance between dif-
ferent source-detector pairs. This result could be ex-
plained simply as a partial volume error arising from
the focal nature of the brain activation, since the par-
tial volume error will depend upon the geometry be-
tween source, detector, and activated region. However,
a more surprising and significant observation was that
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FIG. 6. Areview of the NIRS results obtained for each source-detector pair compared to the calculated sensitivity to the absorbing object.
(a) The ratio of A[HbO] to A[Hb], which ranges from slightly less than 0 to 13. (b) The corresponding sensitivity that each measurement has
to the absorbing object. The sensitivity is shown as a ratio of the sensitivity at 780 nm to that at 830 nm. (c) The color scale is windowed to
more clearly indicate which source-detector pairs have a sensitivity ratio near 1. (d) A plot of the ratio of A[HbO] to A[Hb] versus the

corresponding sensitivity ratio. Each point corresponds to one of the 144 measurements.
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FIG. 7. The fractional error in the ratio A[HbOJ/A[Hb] for different numbers of wavelengths and different activations. Details are

provided under Methods.

the analysis showed a wide variance in the ratio of
A[HbO] to A[Hb] obtained from different source-detec-
tor pairs. This result could actually be correct and
result from real underlying spatial variation in the
concentration changes. However, our simulations of
the human subject experiment indicate that under
ideal conditions the standard MBLL analysis is unable
to accurately determine the relative concentration
changes.

Although the primary purpose of the neonate study
was not to investigate the physiology of focal brain
activation in the neonate, it is interesting to note that
the optical results from this single study would be
considered atypical in adult brain, since an increase in
[Hb] is counter to the change normally recorded using
blood oxygen level dependent (BOLD) signal obtained
using magnetic resonance imaging. However, similar
results have been obtained in infants using MRI (33)
and optical techniques (34). More DOT studies would
be needed in order to confirm our result. A comprehen-
sive NIRS study based on the MBLL analysis, on the
other hand, would be unlikely to provide accurate in-
formation even with more subjects since the intrasu-
bject results were so highly dependent upon source-
detector geometry, an observation consistent with
previous reports by others (35).

The wide variation seen in the MBLL analysis for
the ratio of A[HbO] to A[HDb] results from differential
sensitivity of the 780 and 830 nm measurement to the

focal change. As we see from Eg. (13), differential sen-
sitivity results in cross-talk between oxy- and deoxy-
hemoglobin. That is, a real change in oxyhemoglobin
can look like a change in deoxyhemoglobin and vice
versa. Our time-course data presented in Fig. 2 sup-
ports the cross-talk prediction as the initial increase in
deoxyhemoglobin has the same characteristics as the
increase in oxyhemoglobin. Equation (13) explicitly
shows the cross-talk for a measurement with two
wavelengths. A general equation can be derived to
calculate the cross-talk for measurements with N
wavelengths to prove that more wavelengths does not
reduce the cross-talk error, as supported by our simu-
lations.

There are a couple of approaches that can minimize
the observed cross-talk. Measurements could be made
at wavelengths for which the optical properties of the
medium are nearly the same in which case the partial-
volume effect will be constant for the different wave-
lengths. In this case, the determined concentration
changes will be smaller than the real changes, but the
relative values will be accurate. Another approach that
can be applied to data collected at more than two
wavelengths involves examining the residuals in the
spectral analysis. The parameters of a model account-
ing for the spatial variation in the concentration
changes can then be altered to minimize the residuals.
This latter approach has promise and is left for future
work.
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SUMMARY

We have investigated the accuracy of using the Mod-
ified Beer—Lambert Law (MBLL) to analyze measure-
ments of focal changes in the absorption coefficient of
highly scattering media. The MBLL has long been used
for analyzing the measurements of global changes in
the absorption coefficient, but there has been no dis-
cussion of the systematic errors that arise when the
analysis is applied to focal changes. This discussion is
important now because of the increasing application of
the MBLL for analyzing data from focal brain activa-
tion which necessarily causes a focal change in the
absorption of hemoglobin within the cortex. Our re-
sults show that the MBLL analysis of focal changes (1)
generally underestimates the hemoglobin concentra-
tion changes because of the partial volume effect and
(2) because of the differential wavelength sensitivity,
causes systematic errors in the concentration changes
which depends on the position of the focal change rel-
ative to the source and detector positions. This last
observation is significant because it means that a
MBLL analysis can produce just about any result due
to uncontrolled changes in source-detector positions
and background optical properties of the medium. It is
therefore prudent that researchers take extreme care
when interpreting their standard NIRS analysis of fo-
cal changes caused by, for instance, brain activation.
This observation has been made by Kleinschmidt et al.
(35) from measurements in the adult human sensori-
motor cortex during a unilateral finger opposition task.
This problem will potentially be solved by diffuse opti-
cal tomography which uses a multiplicity of measure-
ments in order to deconvolve the differential wave-
length sensitivities to reconstruct images of the focal
change. Finally, it may be possible to develop models
that account for spatial variation when analyzing non-
imaging NIRS data to reduce these systematic errors.
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