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Abstract We present near-infrared spectroscopy measurement of absolute cerebral hemoglobin concentration and
saturation in a large sample of 36 healthy elderly (mean age, 85� 6 years) and 19 young adults (mean age,
28� 4 years). Non-invasive measurements were obtained on the forehead using a commercially available
multi-distance frequency-domain system and analyzed using a diffusion theory model for a semi-infinite, homo-
geneous medium with semi-infinite boundary conditions. Our study included repeat measurements, taken five
months apart, on 16 elderly volunteers that demonstrate intra-subject reproducibility of the absolute measurements
with cross-correlation coefficients of 0.9 for absorption coefficient ðμaÞ, oxy-hemoglobin concentration ð½HbO2�Þ,
and total hemoglobin concentration ð½HbT�Þ, 0.7 for deoxy-hemoglobin concentration ð½Hb�Þ, 0.8 for hemoglobin
oxygen saturation ðStO2Þ, and 0.7 for reduced scattering coefficient ðμ 0

sÞ. We found significant differences between
the two age groups. Compared to young subjects, elderly subjects had lower cerebral ½HbO2�, ½Hb�, ½HbT�, and StO2

by 10� 4 μM, 4� 3 μM, 14� 5 μM, and 6%� 5%, respectively. Our results demonstrate the reliability and
robustness of multi-distance near-infrared spectroscopy measurements based on a homogeneous model in the
human forehead on a large sample of human subjects. Absolute, non-invasive optical measurements on the
brain, such as those presented here, can significantly advance the development of NIRS technology as a tool
for monitoring resting/basal cerebral perfusion, hemodynamics, oxygenation, and metabolism. © 2012 Society of

Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.8.081406]
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1 Introduction
Absolute optical measurements of bulk biological tissues are
hindered by the strong diffusion of light and the spatial inhomo-
geneity featured by most tissues. The strong diffusion of light
requires dedicated models of light propagation to characterize
the absorption and scattering phenomena experienced by
light in tissue. Such models include random walk analysis,1

transport theory models,2 and diffusion theory models.3 The
need to measure at least two optical coefficients to describe
absorption and scattering properties of tissue is fulfilled by
time-resolved approaches in the time-domain4 or frequency-
domain,5 even though specialized continuous-wave methods
have also been reported.6

Support for the validity of such methods can be obtained by
absolute NIRS measurements of tissues ex vivo,7 which allow
for partial control over the shape and size of tissue and over
the experimental arrangement. However, ex vivo optical proper-
ties are not necessarily representative of in vivo conditions.
Absolute, non-invasive optical measurements of brain are par-
ticularly challenging because of the tissue layers (scalp, skull,
dura matter, arachnoid, cerebrospinal fluid, pia matter, etc.)

that separate the optical probe from cerebral tissue. As a result,
non-invasive near-infrared spectroscopy (NIRS) has typically
been used to determine relative hemodynamic changes after acti-
vation in reference to basal/resting values, rather than to obtain
absolute tissue concentrations of oxygen-free and oxygen-bound
hemoglobin. While relative measurements may suffice for func-
tional studies aimed at detecting hemodynamic and metabolic
responses to brain activation,8–11 absolute NIRS measurements
can expand the scope of physiologically and clinically important
information that can be acquired. Absolute NIRS measurements
allow for powerful spatial mapping of resting brain cerebrovas-
culature, assessing changes within subjects over multiple
sessions, comparing variability between subjects, and for the
development of diagnostic applications requiring characteriza-
tion of basal/resting brain circulation and metabolism.

Absolute NIRS studies in adult human brain report estimates
of tissue oxygenation index in the range of ∼65% to 75% (oxy-
gen saturation of hemoglobin retrieved from the spectral shape
of absorption coefficient);12,13 cerebral venous saturation of
∼70% to 75% (measured from the changes in concentrations
of hemoglobin species);13,14 absolute hemoglobin concentra-
tions in the range of ∼42 to 77 μM; and oxygen saturation
of hemoglobin in cerebral tissue ranging from ∼57% to 74%,
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based on homogenous15–18 or two-layer19,20 modeling of the
probed cerebral volume. Improving the accuracy, reliability,
and reproducibility of absolute brain NIRS measurements is cru-
cial to establish their utility and validity for research and clinical
use, both for standalone brain oximetry and for correcting rela-
tive measurements of cerebral hemodynamics.21

Here we report results of absolute noninvasive NIRS mea-
surements based on multi-distance, frequency-domain data that
were analyzed using a diffusion theory model for a semi-infinite,
homogeneous medium. We used this method to determine cer-
ebral absorption and scattering coefficients and absolute tissue
hemoglobin concentration and oxygen saturation, with a probe
placed on the forehead of 55 elderly and young adult volunteers.
We detected highly significant differences between the elderly
and young subjects. Results of repeat measures made five
months apart in a subset of 16 elderly subjects were highly
reproducible. Finally, we investigated the effect of water absorp-
tion in the optical determination of tissue hemoglobin concen-
tration and saturation.

2 Methods

2.1 Subjects

We examined fifty-five subjects of whom 36 were healthy
elderly adults (mean age, 85 � 6 years; 26 females, 10 males)
and 19 were young adult volunteers (mean age, 28 � 4 years;
six females, 13 males). The elderly subjects were participants in
an ongoing epidemiological study of aging conducted by Mount
Sinai School of Medicine. Sixteen of the elderly volunteers were
examined a second time five months after the first session to
evaluate the reproducibility of the absolute measurements.
Young adults were measured separately in a third session. Mea-
surements in all 55 subjects were conducted in the morning or
early afternoon (specifically, between the hours of 8 a.m. and
2 p.m.). The research protocol was approved by Tufts University
and Mount Sinai School of Medicine Institutional Review
Boards, and informed consent was obtained from all subjects
prior to each measurement session. Age distribution of the
subjects based on the measurement session is shown in Fig. 1.

2.2 Instrumentation and Data Acquisition

Measurements were performed using a multi-channel, dual-
wavelength (690 and 830 nm), frequency-domain tissue oxi-
meter (ISS Inc., Champaign, Illinois), which operates at an
intensity modulation frequency of 110 MHz. The principles
behind this commercially available device and the multi-
distance approach have been described in detail in Ref. 22.

We employed two different polyurethane silicon optical probes
featuring one collection optical fiber bundle (3 mm in core dia-
meter) and either four or seven illumination positions each com-
prising two optical fibers (0.4 mm in core diameter) that guided
light at 690 and 830 nm wavelengths, located several centi-
meters apart from the collection fiber bundles. Source-detector
separations for the first probe used in session 1 were from 2 to
3.5 cm in 0.5 cm increments. Source-detector separations for the
second probe used in sessions 2 and 3 were from 0.8 to 3.8 cm in
0.5 cm increments. In the elderly group, measurements were
performed both on the left and the right side of the forehead
close to the hair line. The probes were held in place using a
commercial sports band to exert light pressure for comfort,
while guaranteeing good contact between the optical fibers
and the subject’s skin. Because of the good agreement between
left and right side measurements obtained in the elderly group,
measurements in young subjects were performed only on one
side (left). Figure 2 illustrates probe layout and placement.

2.3 Data Analysis

We used a diffusion-based, semi-infinite homogenous model to
derive the absolute absorption ðμaÞ and reduced scattering ðμ 0

sÞ
coefficients from the frequency-domain amplitude (AC) and
phase ðΦÞ values measured at multiple distances.22 This
model uses the following expressions:

μa ¼
ω

2υ

�
SΦ
SAC

−
SAC
SΦ

�
; (1)

μ 0
s ¼

S2AC − S2Φ
3μa

− μa; (2)

where ω is the angular modulation frequency of the source
intensity (ω ¼ 2π × 110 MHz), υ is the speed of light in the
tissue (which is assumed here to be 2.172 × 1010 cm∕s), SAC
and SΦ, respectively, are the slopes of ln ðρ2 × ACÞ and Φ as
a function of source-detector separation ðρÞ. Equations (1)
and (2) require that light source emissions at the matching wave-
lengths have identical intensity and phase values. Since this is not
the case (because of physical differences among the individual
laser diodes, their bias and radio-frequency supplies, and their
optical coupling to the tissue), we performed a calibration proce-
dure prior to the measurements on each subject using a phantom
with empirically determined optical properties that are similar to
those of cerebral tissues. We determined the phantom optical prop-
erties by a calibration-free method described in Hallacoglu et al.
2011 and found to be: μ690 nm

a ∼ 0.19 cm−1, μ830 nm
a ∼ 0.16 cm−1,

μ 0690 nm
s ∼ 5.0 cm−1 and μ 0830 nm

s ∼ 4.8 cm−1.
We considered oxy-hemoglobin ðHbO2Þ, deoxy-hemoglobin

ðHbÞ and water to be the major absorbers in the probed tissue
volume at the two wavelengths considered. We did not consider
other absorbers such as melanin for being present only in the
thin, superficial epidermis and dermis skin layers, and lipids
for their lower absorption (by a factor of 2 to 4) with respect
to water absorption at the wavelengths considered by us.
Under this assumption, the tissue concentrations of HbO2

and Hb can be written as follows:Fig. 1 Age distribution of the human subjects investigated in this study.
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½HbO2� ¼
μ690 nm
a · ε830 nm

Hb − μ830 nm
a · ε690 nm

Hb

ε690 nm
HbO2

ε830 nm
Hb − ε830 nm

HbO2
ε690 nm
Hb

−
μ690 nm
aðH2OÞ · ε

830 nm
Hb − μ830 nm

aðH2OÞ · ε
690 nm
Hb

ε690 nm
HbO2

ε830 nm
Hb − ε830 nm

HbO2
ε690 nm
Hb

CH2O−vf ;

(3)

½Hb� ¼ μ830 nm
a · ε690 nm

HbO2
− μ690 nm

a · ε830 nm
HbO2

ε690 nm
HbO2

ε830 nm
Hb − ε830 nm

HbO2
ε690 nm
Hb

þ
μ690 nm
aðH2OÞ · ε

830 nm
HbO2

− μ830 nm
aðH2OÞ · ε

690 nm
HbO2

ε690 nm
HbO2

ε830 nm
Hb − ε830 nm

HbO2
ε690 nm
Hb

CH2O−vf ; (4)

where εHb and εHbO2 are the molar extinction coefficients of
HbO2 and Hb,23 μaðH2OÞ is the absorption coefficient of
water,24 and CH2O−vf is the volume fraction of water content
in tissue. Equations (3) and (4) show that ½HbO2� and ½Hb�
are linear functions of CH2O−vf with intercepts ½HbO2�0 and
½Hb�0 (corresponding to the oxy- and deoxy-hemoglobin con-
centrations in the absence of tissue water) and slopes that
can be indicated as X and Y , respectively:

½HbO2� ¼ ½HbO2�0 − XCH2O−vf ; (5)

½Hb� ¼ ½Hb�0 þ YCH2O−vf . (6)

By using the known water absorption and hemoglobin molar
extinction coefficients, for the wavelengths considered here,
we find X ¼ 14.9 μM, and Y ¼ 1.8 μM. Total hemoglobin con-
centration ð½HbT� ¼ ½HbO2� þ ½Hb�Þ and hemoglobin saturation
ðStO2 ¼ ½HbO2�∕½HbT�Þ are given by:

½HbT� ¼ ½HbT�0 − ðX − YÞCH2O−vf ; (7)

StO2 ¼
StO2j0½HbT�0 − XCH2O−vf

½HbT�0 − ðX − YÞCH2O−vf
; (8)

where ½HbT�0 and StO2j0 indicate the ½HbT� and StO2 in the
absence of water. In this study, we assumed a value of
CH2O−vf of 0.7, in agreement with the choice of other optical
brain studies,16,20 on the basis of reported water contents of
∼0.8 and ∼0.7 for gray and white matters25 and ∼0.2 for cortical
bone.26

3 Results

3.1 Dependence on Source-Detector Distance and
Reproducibility of Optical Measurements

Differences between the left and right side measurements were
smaller than inter-subject variability in all parameters, and there-
fore we report the average of the measurements on the two sides
for all elderly subjects. Young subjects were only measured on
the left side (see Fig. 2).

To investigate the dependence of our measurements on
source-detector separation, as a result of the layered structure
of the measured tissue, we have considered subsets of data col-
lected at three consecutive source-detector separations, spanning
a range of 1 cm. By applying Eqs. (1) and (2) to such subsets of
multi-distance data, we generated two sets of distance-depen-
dent optical properties from session 1 and five sets from sessions
2 and 3 (see Fig. 2). Figure 3 shows the results of this approach
for all measured parameters on elderly subjects who were mea-
sured twice (i.e., once in session 1 and once in session 2,
n ¼ 16), where each bar represents the session mean (bar center)
and standard error (bar width) over the corresponding source-
detector separations (bar length). Grey and black bars in
Fig. 3 represent the results obtained in session 1 and session
2, respectively. Session 2 measurements, which are richer in
information content due to the greater number of source-detector
distances, revealed a dependence of all parameters on source-
detector distance. Results of this approach are summarized in
Table 1, which compares measurements obtained from data
collected at the shortest and longest sets of source-detector
distances (namely, 0.8 to 1.8 cm and 2.8 to 3.8 cm), and reports
their percent differences.

To assess the reproducibility of measurements, we compared
source-detector distances that were common to both sessions,

Fig. 2 Experimental setup and protocol description.
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namely from 2.0 to 3.5 cm in session 1 and from 2.3 to 3.3 cm in
session 2. Figure 4 shows the correlation between values
obtained in session 1 and 2. Good agreement was found with
cross-correlation coefficients of ∼0.9 for both μ690 nm

a and
μa

830 nm, ∼0.7 and ∼0.6 for μ 0690 nm
s and μ 0830 nm

s , respectively,
∼0.9 and ∼0.9 for ½HbO2� and ½Hb�, respectively, and ∼0.9 and
∼0.8 for ½HbT� and StO2, respectively.

3.2 Comparison of measurements on Elderly and
Young Subjects

Figure 5 shows the comparable dependence of measured para-
meters on source-detector distance in elderly (session 2, n ¼ 29)
and young subjects (session 3, n ¼ 19), despite differences in
absolute values. Grey and black bars represent the results for
elderly and young subjects, respectively, over the corresponding
source-detector distances (bar lengths), whereas bar centers
represent means and bar widths represent standard errors.
These results are also summarized in Table 1.

In order to make a meaningful comparison between physio-
logical parameters in elderly and young subjects, we compared
measurements at source-detector distances that were common to
all three sessions, namely 2.0 to 3.5 cm in session 1 and 2.3 to
3.3 cm in sessions 2 and 3. We found significant differences
between the two age groups in all measured parameters. We pre-
sent averages and standard errors across all subjects in Fig. 6,
where illustrations on the left and right sides of each graph
represent measured parameters in the elderly and young sub-
jects, respectively. These results (including ½HbO2� and ½Hb�)
are summarized in Table 2.

4 Discussion

4.1 Multi-Distance Homogenous Model

The application of a homogeneous medium model to analyze
non-invasive optical data collected on the subject’s forehead
is a first approximation to describe the heterogeneous composi-
tion of the probed tissue (skin, skull, brain, etc.). Our multi-
distance approach over source-detector distances of 2.3 to 3.3
cm is intrinsically insensitive to the most superficial tissue layers
(4 to 5 mm),27 thus addressing, at least in part, the layered inho-
mogeneity of the investigated tissue. Nevertheless, the observed
dependence of optical coefficients and hemoglobin parameters
on source-detector separation (Figs. 3 and 5) implies a depth-
dependence of the tissue composition, which is consistent
with the head anatomy and with reports in the literature.16,19,20,28

Despite this, we obtained reproducible absolute measurements
in elderly subjects measured in two sessions (Figs. 3 and 4). This
result is remarkable considering that the measurements were
conducted five months apart with two different optical probes.
Such reproducibility allows for a meaningful comparison across
subjects, allowing us to observe significant differences in all
measured parameters between elderly and young adults
(Fig. 6). Based on the above arguments, such differences
may be the result of anatomical differences, physiological dif-
ferences, or a combination of them. The reproducibility of mea-
surements of cerebral blood volume in elderly subjects based on
relative NIRS measurements of hemoglobin concentration has
been previously reported.29 To the best of our knowledge,
this is the first study showing a high level of reproducibility

Fig. 3 Dependence of measured parameters on source-detector separation in elderly subjects. Left and right top panels report measured μa at 690 and
830 nm, respectively. Left and right middle panels report measured μ 0

s at 690 and 830 nm, respectively. Bottom left and right panels report measured
½HbT� and StO2, respectively. Grey and black blocks represent means (block center) and standard error (block thickness) of measurements in sessions 1
and 2, respectively, at corresponding distances.
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of absolute measurements of optical properties, hemoglobin
concentration, and hemoglobin saturation in elderly sub-
jects (Fig. 4).

4.2 Measurements in Elderly Versus Young Subjects

To the best of our knowledge, this is the first study of absolute
cerebral NIRS measurements of optical properties, concentra-
tions and saturation of hemoglobin in samples of elderly and

young human subjects. Reproducibility of the results (Figs. 3
and 4) in the elderly subjects is strong evidence that measured
differences between elderly and young individuals (Fig. 6) have
a tissue origin. Such tissue origin, however, may be physiolo-
gical (functional) and/or anatomical (structural), and the homo-
geneous medium model used here cannot directly discriminate
between the two possibilities. Functional NIRS studies of brain
activation (changes in hemoglobin concentrations and satura-
tion) in response to cognitive challenges such as verbal fluency
(rapid generation of words in a given period of time),9,30 calcu-
lation,8,11 and paradigm determination (arrangement and mod-
ification of pictures)10 also report differences between elderly
and young subjects. Even though a direct comparison between
differences in changes as reported in these studies and absolute
resting measurements as reported in our study is not possible,
the physiological basis for these findings are expected to be
related. We note also that one study has reported absolute optical
properties and hemoglobin parameters on 13 subjects that
implied a negative correlation between ½HbO2� and subjects’
ages ðr ¼ −0.60Þ.15 It is noteworthy that we found a similar
relation of ½HbO2� to age ðr ¼ −0.58Þ, even though Gatto
et al.’s study was smaller than ours (13 versus 55, respectively)
and examined a narrower age range (26 to 59 versus 24 to 89).
The observation of lower absolute brain tissue hemoglobin con-
centrations and oxygen saturation in the elderly subjects are
likely to have clinical significance indicating cerebral microvas-
cular rarefaction31 or age dependent impairment in cerebral
perfusion and metabolism and associated neuropathology.32

4.3 Effect of Tissue Water Content and Calibration
Procedures on the Measurement Accuracy

Water is a major tissue constituent that must be incorporated
in the interpretation of optically measured hemoglobin

Table 1 Dependence of optical measurements on source-detector separation. Values in parentheses represent the standard error on the last sig-
nificant digit(s) of the mean.

Session 2–Elderly
Repeated (n ¼ 16)

μ690 nm
a ðcm−1Þ μ830 nm

a ðcm−1Þ μ 0690 nm
s ðcm−1Þ μ 0830 nm

s ðcm−1Þ ½HbO2�ðuMÞ ½Hb�ðuMÞ ½HbT�ðuMÞ StO2ð%Þ

0.8–1.8 cm 0.13(1) 0.10(1) 7.6 (4) 7.0(3) 26(2) 22(2) 48(4) 54(2)

2.8–3.8 cm 0.10(1) 0.08(1) 4.9 (4) 4.5(4) 23(2) 17(2) 40(3) 58(2)

Percent Difference (%) −23ð10Þ −20ð13Þ −36ð6Þ −36ð6Þ −12ð10Þ −23ð11Þ −17ð9Þ 7(5)

Session 2–Elderly
Repeated (n ¼ 29)

μa
690 nmðcm−1Þ μa

830 nmðcm−1Þ μ 0690 nm
s ðcm−1Þ μ 0830 nm

s ðcm−1Þ ½HbO2�ðuMÞ ½Hb�ðuMÞ ½HbT�ðuMÞ StO2ð%Þ

0.8–1.8 cm 0.12(1) 0.09(1) 7.4(3) 6.8(2) 25(2) 20(1) 45(3) 55(1)

2.8–3.8 cm 0.10(1) 0.08(1) 5.7(3) 5.0(3) 21(1) 19(1) 40(2) 53(1)

Percent Difference (%) −17ð11Þ −11ð15Þ −23ð5Þ −26ð5Þ −16ð8Þ −5ð7Þ −11ð7Þ −4ð3Þ

Session 3–Young (n ¼ 19) μ690 nm
a ðcm−1Þ μa

830 nmðcm−1Þ μ 0690 nm
s ðcm−1Þ μ 0830 nm

s ðcm−1Þ ½HbO2�ðuMÞ ½Hb�ðuMÞ ½HbT�ðuMÞ StO2ð%Þ

0.8–1.8 cm 0.14(1) 0.13(1) 8.9(2) 7.5(2) 39(2) 21(1) 60(3) 64(2)

2.8–3.8 cm 0.14(1) 0.12(1) 7.2(4) 6.0(3) 39(3) 20(1) 59(4) 65(2)

Percent Difference (%) 0(10) −8ð10Þ −19ð5Þ −20ð5Þ 0(9) −5ð7Þ −2ð8Þ 2(4)

Fig. 4 Measured parameters in session 2 as a function of corresponding
parameters measured in session 1, illustrating the reproducibility of mea-
surements taken five months apart on the same subjects. Dashed lines
represent the ideal identity line to enhance reader’s visualization of the data.
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concentrations. A range of values for volume fraction of water
content in tissue (CH2O−vf) have been reported in different stu-
dies, from 0.3,17 to 0.7,16,20 and 0.8.28,33 In some cases CH2O−vf
was not specified,12 or was not mentioned.19 Equations (5) and
(6) can be used (for 690 and 830 nm wavelengths) to represent
errors in ½HbO2� and ½Hb� due to discrepancy in considered
CH2O−vf values. These equations predict that assuming no
water content in the probed tissue (i.e., CH2O−vf ¼ 0) results
in measurements of ½HbO2� that are greater than the actual
values by 4.5, 10.4 and 11.9 μM, and measurements of ½Hb�
that are less than the actual values by 0.6, 1.3 and 1.5 μM,
for cases in which CH2O−vf values are 0.3, 0.7 and 0.8, respec-
tively. The relevance of taking into account the proper contribu-
tion of water absorption may, to some extent, explain differences
in findings between labs and underscores the need to explicitly
consider CH2O−vf in absolute NIRS measurements in cerebral
tissues.

Another potential source of error is the calibration proce-
dure. Phantom calibration for absolute NIRS measurements is
a delicate protocol that requires precision in the calibration

parameters (i.e., optical properties of the phantom) to avoid
errors in the estimation of hemoglobin concentrations. For
our measurements, we employed an additional calibration-
free protocol to measure the optical properties of the calibra-
tion phantom as described in Hallacoglu et al. 2011, which
minimizes errors in the assignment of phantom optical proper-
ties to less than 5%. This in turn translates into errors of less
than 4% in the measurement of tissue hemoglobin concentra-
tion. StO2 measurements, which are determined by ratios of
tissue absorption at two wavelengths, are insensitive to cali-
bration errors.

4.4 General Discussion

In our recent study in a rat model of diet induced cognitive
decline, we measured significantly lower absolute resting mea-
surements of ½HbT� and StO2 in cognitively impaired rats as
opposed to cognitively intact controls. In addition, absolute
changes in hemodynamic responses to hypoxia and hypercapnia
challenges were also significantly different in the two animal

Fig. 5 Dependence of measured parameters on source-detector separation in elderly and young subjects. Left and right top panels report measured μa
at 690 and 830 nm, respectively. Left and right middle panels report measured μ 0

s at 690 and 830 nm, respectively. Bottom left and right panels report
measured ½HbT� and StO2 respectively. Grey and black blocks represent means (block center) and standard error (block thickness) of measurements in
elderly and young subjects, respectively, at corresponding distances.

Table 2 Summary of absolute measurements in elderly and young subjects. Values in parentheses represent the standard error on the last significant
digit(s) of the mean.

μ690 nm
a ðcm−1Þ μ830 nm

a ðcm−1Þ μ 0690 nm
s ðcm−1Þ μ 0830 nm

s ðcm−1Þ ½HbO2�ðuMÞ ½Hb�ðuMÞ ½HbT�ðuMÞ StO2ð%Þ

Elderly 0.11(1) 0.08(1) 6.9(2) 6.0(2) 20(1) 18(1) 38(2) 52(2)

Young 0.13(1) 0.11(1) 7.7(4) 6.6(3) 30(3) 22(2) 52(3) 58(3)
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groups. However when the measured changes were corrected for
basal/resting values and expressed as relative measures (abso-
lute change divided by the baseline value), the relative measures
were not significantly different between the animal groups.34

These findings underscore the importance of absolute NIRS
measurements not only in the characterization of resting values
but also in functional brain studies.

Cerebral total hemoglobin concentration and oxygen satura-
tion values reported here in young subjects (52� 13 μM and
58%� 9%, respectively) are similar to those reported in
Ref. 20 (51� 11 μM and 60%� 4%) evaluated by a time-
domain system and in Ref. 15 (42� 13 μM and 57%� 7%),
who used a frequency-domain system. Lower total hemoglobin
concentration values reported in Ref. 15 may be representative
of the older age group that was investigated in that study. Such
hemoglobin oxygen saturation values around 60% may reflect
the large oxygen consumption in the brain and/or sensitivity of
non-invasive NIRS measurements to the venous compartment,
whose oxygen saturation has been reported to be around 62%.35

To further extend our comparison with other studies, Ohmae et
al. measured comparable total hemoglobin concentration and
higher oxygen saturation values (54� 6 μM and 70%� 2%)
using a time-domain system. In an independent time-domain
approach, Quaresima et al. reported higher values for both
total hemoglobin concentration and oxygen saturation
(70� 10 μM and 70%� 3%). Small CH2O−vf values considered
in that study (0.3) relative to ours (0.7) could partially account
for the greater hemoglobin concentration and oxygen saturation
values. In addition, differences in probed tissue volumes
between the multi-distance approach employed by us (with
its suppressed sensitivity to the most superficial tissue layers)
and single-distance approach by Ohmae et al. and Quaresima
et al. are other plausible causes for the differences in measured
hemoglobin parameters. Finally, Choi et al. reported consider-
ably higher total hemoglobin concentration and oxygen satura-
tion values (77� 14 μM and 74%� 6%) using a frequency-
domain instrument. Differences in the results of that study
and ours may have a basis on a combination of effects including

differences in water correction (no CH2O−vf was mentioned in
that study), calibration methods (optical properties of the cali-
bration phantom was not determined independently in that
study), and source-detector distances (much larger distances
were used in that study −4.5 to 7 cm).

5 Conclusion
Our results are among the few reported absolute optical mea-
surements to have been made non-invasively in the human
brain. Theoretically, multi-layer models might provide a more
accurate measure of brain hemoglobin concentration and oxy-
gen saturation due to the head’s heterogeneous structure. How-
ever, inhomogeneous models must be able to describe the
layered structure of tissue and associated boundary conditions,
a task that can introduce additional errors even in the presence of
complementary data and a priori information from independent
imaging modalities. Our approach based on multi-distance mea-
surements and a homogeneous, semi-infinite model can provide
fast, reliable and robust information (as demonstrated here),
while minimizing sensitivity to the most superficial tissue inho-
mogeneities. Such absolute measures are important because
they enable physiologically meaningful comparisons of long-
term changes in cerebrovascular function, both within and
among subjects, and can improve relative measurements by
allowing subject-specific corrections to measured changes.
This represents a significant advance toward the application
of NIRS to monitor long-term changes in cerebrovascular health
both by stand-alone cerebral oximetry and by correcting relative
measures of hemodynamic changes in functional studies.
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