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ABSTRACT

Brain tissue oxygen saturation, StO2, measured with near-infrared spectroscopy (NIRS) is of great clinical
interest as it quantifies the balance between cerebral oxygen supply and demand. Some brain oximeters are
based on spatially resolved spectroscopy (SRS), where NIRS data is collected at multiple distances from the light
source to estimate a slope of light attenuation against distance. Other use a broadband approach which utilizes
derivatives of the absorption spectra to estimate StO2, such as broadband fitting (BF). We describe a novel
algorithm, broadband spatially resolved spectroscopy (BB-SRS), for estimating StO2. It is based on comparing
the measured slope to a model of the attenuation slope, which depends on the optical properties of tissue. Fitting
this model with a least squares fitting procedure recovers parameters describing absorption and scattering; the
concentrations of oxy- and deoxy-haemoglobin and hence StO2 and the scattering parameters β and α describing
the exponential dependence of scattering on wavelength. To demonstrate BB-SRS, a broadband spectrum (700 -
1000 nm, step size 2 nm) was simulated in NIRFAST and was analysed with BB-SRS, SRS and BF. The developed
BB-SRS algorithm recovered StO2 with a relative error of -9%; the concentration of deoxyhaemoglobin with a
relative error of +4% , oxyhaemoglobin -10%. The scattering parameters β and α were recovered with a relative
error of -30% and -2%, respectively. Among the three algorithms, BB-SRS performed with the best relative
error.
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1. INTRODUCTION

Brain tissue oxygen saturation StO2 is defined as the ratio of oxygenated and total haemoglobin and provides
a measure of the balance between oxygen supply and demand. Most continuous-wave (CW) near-infrared spec-
troscopy (NIRS) systems measure only chromophore concentration changes; StO2 measurement can be achieved
with multi-distance (the use of more than one light source-detector separation) or broadband (∼ 650 - 1000 nm)
algorithms. However, brain oximetry with CW NIRS is criticized for its lack of standardization and clinically
insufficient precision. The motivation behind our work is whether we can improve the precision of the measure-
ment by developing a more robust method to measure StO2 with CW NIRS by combining multi-distance and
broadband algorithms, as each has its own benefits. The main strength of multi-distance setups is overcoming
the layered structure of tissue, and broadband methods yield more spectroscopic information about tissue.

1.1 Multi-distance Oximetry

Spatially resolved spectroscopy (SRS)1 is used in commercial systems, e.g. NIRO systems.2 SRS uses multiple
light source-detector separations to quantify the slope of light attenuation A against distance ρ, ∂A/∂ρ. Assuming
that scattering is linearly dependent on wavelength, µ′s(λ) = k · (1 − h · λ); where h = 0.00063 mm−1nm−1,1 it
is possible to obtain a scaled attenuation coefficient kµa from the slope measurement, which then leads to StO2:

StO2 =
[HbO2]

k[HHb] + k[HbO2]
× 100% =

[HbO2]

[HHb] + [HbO2]
× 100%. (1)
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1.2 Broadband Oximetry

Broadband CW NIRS can be used to measure StO2 with differential analysis,3 which will further be referred to
as broadband fitting (BF). BF applies only one light source-detector separation and a broadband spectrum (∼
650 - 1000 nm). The idea of the algorithm is to compare the measured reflectance RM to a theoretical model
RT (see Kienle A, 1997).4 The measured reflectance RM is fitted with the model in the first and second spectral
derivative space; the fitting parameters describe scattering and absorption: β and α from µ′s(λ) = βλ[µm]−α;
the other fit coefficients are chromophore concentrations; µa(λ) =

∑
cN εN (λ), where ε is the specific extinction

coefficient and cN is concentration of selected chromophores. Obtaining these parameters leads to StO2.

2. METHODS

The new method, broadband SRS (BB-SRS), is based on the same model as BF, RT , and applies it to a
multi-distance setting by using it to calculate a model of the slope of attenuation ∂AT /∂ρ. It is then fitted
to the measured slope in the first spectral differential space similarly to BF, yielding information about both
chromophore concentrations and scattering properties. The method has several benefits, such as eliminating
errors caused by detector/tissue coupling and any other baseline offset by moving to the differential space,
yielding more tissue properties than just StO2, and accounting for tissue layers.
The first testing of the method was performed on broadband data simulated with NIRFAST.5 Broadband (700 -
1000 nm, step size 2 nm) intensity spectra at 2 light source-detector separation (20, 25 mm) were generated on
a homogeneous mesh model of a 40 - week neonatal head.6 The optical properties were set to gray matter (see
Tab. (1)).7 The data were analysed with all three algorithms; SRS ∗, BF and BB-SRS.

3. RESULTS

Fig.(1) shows the individual steps in simulated spectrum analysis with BB-SRS, SRS and BF. Tab. (1) shows
the StO2, chromophore concentrations and scattering properties obtained with the three different methods
form the same data. SRS recovered StO2 with a relative error of -46%, BF with 7% and BB-SRS -9%. The
four parameters [HHb], [HbO2], β and α were recovered with BF/BB-SRS with the following relative errors:
-51%/3%, -36%/-10%, 20%/-30%, and 54%/-2%.

Table 1. Simulated broadband spectrum analysis results obtained with three different algorithms: spatially resolved
Spectroscopy (SRS), broadband fitting (BF) and broadband SRS (BB-SRS). The number in the brackets is the difference
between the true value and the result of the method. The true values are optical properties of grey matter.7

StO2 [%] [HHb] [µM ] [HbO2] [µM ] β [mm−1nm−1] α [-]

True value 60.75 38.40 54.80 0.98 0.61

SRS 32.87 (-27.88) / / / /

BF 65.12 (+4.37) 18.70 (-19.70) 34.91 (-19.89) 1.18 (+0.20) 0.94 (+0.33)

BB-SRS 55.32 (-5.43) 39.87 (+1.47) 49.36 (-5.44) 0.69 (-0.29) 0.60 (-0.01)

4. SUMMARY

We present a novel approach to measuring brain tissue oxygen saturation with NIRS based on modelling the slope
of attenuation against distance in tissue. The algorithm was demonstrated on simulated broadband data and
compared to other brain oximetry algorithms, SRS and BF. SRS estimate of StO2 was the most different from
the true value; BF was the closest - however, the recovered concentrations of oxy- and deoxy-haemoglobin are
more different from the true values than those obtained with BB SRS. Overall, the relative error of BB-SRS was
the smallest among the three algorithms and it provided the most accurate results. Further work is focused on

∗As SRS has not been designed for broadband data, analysis was performed with selected wavelengths, 735, 810 and
850 nm, which are wavelengths used in a commercial SRS device, NIRO 200NX.2
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the improvement of scattering properties recovery and the application of BB-SRS to data collected in phantoms,
adults and neonates.

Figure 1. The process of calculating StO2 from the simulated broadband data with SRS (dotted arrows), BB-SRS (full
arrows) and BF (dashed arrows). The reflectance model used can be found in Kienle A, 1997.4
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