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Abstract

Continuous-wave near-infrared spectroscopy and imaging enable tissue

hemodynamics and oxygenation to be determined non-invasively. Movements

of the investigated subject can cause movement artifacts (MAs) in the recorded

signals. The strength and type of MAs induced depend on the measurement

principle. The aim of the present study was to investigate the quantitative

relationship between different single-distance (SD) and multi-distance (MD)

measurement methods and their susceptibility to MAs. We found that each

method induces MAs to a different degree, and that MD methods are more

robust against MAs than SD methods.

Keywords: near-infrared spectroscopy, near-infrared imaging, spatially-

resolved, multi-distance, movement artifacts, signal corruption, signal

distortion

(Some figures may appear in colour only in the online journal)

1. Introduction

By shining near-infrared (approx. 650–950 nm) light into tissue and measuring the diffuse

reflected part from it at different wavelengths in this spectral region, continuous-wave
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(a) (b) (c)

Figure 1. The three main causes of movement artifacts: (a) horizontal displacement
(�d) between the optode and the medium, (b) vertical displacement (�z), and
(c) movement-induced blood flow (�BF) changes.

(CW) near-infrared spectroscopy (NIRS) and imaging (NIRI) enable the determination of

concentration changes in oxy- and deoxyhemoglobin (O2Hb, HHb), which reflect changes

in tissue hemodynamics and oxygenation (Ferrari and Quaresima 2012, Scholkmann et al

2013, Wolf et al 2007). When the technique is employed to measure regional changes in

hemodynamics and oxygenation of the brain caused by functional tasks (e.g. Biallas et al

2012a, 2012b, Holper et al 2010, 2012, Wolf et al 2002, 2011), the methodology is called

functional NIRS (fNIRS) or functional NIRI (fNIRI), depending on the number of source–

detector pairs. For ease of reading, we use the term fNIRS for both types of methodology in

this paper.

In general there are two types of method to determine the concentrations of O2Hb ([O2Hb])

and HHb ([HHb]) by CW fNIRS. The first type comprises approaches that rely on one single-

distance (SD) channel. We name these approaches single-distance methods (i.e. SD methods).

The second type incorporates approaches relying on several source–detector distances (SDSs)

called multi-distance methods (i.e. MD methods).

The amount of light detected is dependent on the amount of light coupling into and out

of the tissue. Movements of the investigated subject may cause changes in light coupling that

generate movement artifacts (MAs) in the optical fNIRS signals. In addition, abrupt blood

flow changes due to body movements could be another source of interference resulting in

transient changes in the optical signals (Kurihara et al 2003). Thus, three main types of effects

generate MAs: (i) a horizontal displacement of the fNIRS-optode with respect to the tissue,

(ii) a vertical displacement, and (iii) movement-induced changes in blood flow in the tissue

investigated (see figure 1). The last type (iii) should be regarded as a specific type—it is not

an MA per se since it originates from a physiological effect. However, for the purposes of

this paper we also regard this type as an MA since it leads to similar effects as types (i)

and (ii). These three types of MAs are not independent and typically occur simultaneously

to different extents in real fNIRS measurements. We distinguish the effect of a horizontal or

vertical displacement of the NIRS optode relative to the tissue because each movement can

cause slightly different effects. For example, the horizontal displacement is often associated

with a change in light coupling due to changes of the position of hairs under the optode;

whereas the vertical displacement is often associated with a compression of the tissue and thus

a change in light coupling and even physiological effects (i.e. squeezing out of blood in the

superficial part of the tissue).

Several methods have been developed to remove MAs from the fNIRS signals in offline

post-processing (e.g. Barker et al 2013, Cooper et al 2012, Izzetoglu et al 2005, 2010, Molavi

and Dumont 2011, Robertson et al 2010, Sato et al 2006, Scholkmann et al 2010). Besides the

signal post-processing, the actual type of measurement methods used determines the impact

of the MAs on the resulting signals (Yamada et al 2009). Although it was stated and observed

that MD methods are more robust against MAs compared to SD methods, to the best of our

knowledge, no systematic quantitative analysis has been conducted so far to further determine

the resilience to MAs.
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Figure 2. Different SD and MD source–detector geometries. S: source, D: detector, dS:
short distance, dL: long distance. (a) Classical SD configuration. (b) MD configuration as
applied in the ‘spatially-resolved’ technique (MD method 1). Alternatively two sources
and one detector can be used, for example. X can either be S or D, and Y either D or
S. (c) MD configuration used by the NIRO-300 device (Hamamatsu Photonics, Japan);
S: source, D1–3: detectors 1–3 (three-segment photodiode chip, segment length: 2 mm,
separation: 1 mm, total length of the chip: 8 mm). (d) MD configuration for the self-
calibrating principle (MD method 2). Two short and two long distances are indicated,
with the length dL = dL,1 = dL,2 and dS = dS,1 = dS,2.

Therefore, the aim was to quantify the resilience of different SD and MD methods to

induced MAs.

2. Material and methods

2.1. Methods used to determine concentration changes

We investigated six different methods which differ from each other by (i) applying either the

SD or MD method, and (ii) by applying different algorithms in order to reduce the influence

of changes in hemodynamics and oxygenation in the superficial tissue on the recorded signals.

Figure 2 presents the different source–detector arrangements that are required for the various

SD and MD methods used in our investigation.

2.1.1. SD method 1: modified Beer–Lambert law. Light transport through tissue is a complex

process that can be modeled at a first approximation by the modified Beer–Lambert law

(MBLL) (Delpy et al 1988, Matcher et al 1994):

I(λ, t) = I0(λ, t) e−(μa(λ,t) d DPF(λ)+G(λ)), (1)

with I(λ, t) the measured wavelength-dependent diffuse reflected light intensity, I0(λ, t) the

incident light intensity, μa(λ, t) the absorption coefficient (cm−1) of the probed tissue, d (cm)

the distance between the positions of incident and measured light, i.e. the SDS, DPF(λ) the

differential pathlength factor, and G(λ) a medium- and geometry-dependent constant. The

term d DPF(λ) corresponds to the average light propagation distance in the medium, i.e.

the parameter DPF(λ) is a scaling factor that indicates how many times further the detected

light has traveled than d. The absorption coefficient in equation (1) can be modeled as

μa(λ, t) =
n

∑

i=0

αi(λ) ci(t) = 1

log(e)

n
∑

i=0

εi(λ) ci(t), (2)

where αi is the specific molar absorption coefficient (cm−1 μM−1), εi the specific molar

extinction coefficient (cm−1 μM−1), and ci (μM) the concentration of the absorbers i.
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Combining equations (1) and (2), and considering two absorbers (O2Hb, HHb), gives

A(λ, t) = −ln

(

I(λ, t)

I0(λ, t)

)

=
(

n
∑

i=0

αi(λ) ci(t)

)

d DPF(λ) + G(λ)

=
(

αO2Hb(λ)cO2Hb(t) + αHHb(λ)cHHb(t)
)

d DPF(λ) + G(λ). (3)

Taking the difference between the measurements at two different times (t0, ti) cancels

the constant G(λ). And keeping the incident light intensity constant over time cancels I0, too,

leading to:

�A(λ, t) = −ln

(

I(λ, t)

I(λ, t0)

)

=
(

n
∑

i=0

αi(λ) �ci(t)

)

d DPF(λ), (4)

with �ci(t) = ci(t) − ci(t0). To solve equation (4) for the two absorbers (�cO2Hb(t) =
�[O2Hb](t), �cHHb(t) = �[HHb](t)), it is necessary to measure at two wavelengths

(λ1, λ2). This leads to the following system of equations (Lindkvist et al 2013):
[

�A(λ1, t)

�A(λ2, t)

]

= d

[

αHHb(λ1) DPF(λ1) αO2Hb(λ1) DPF(λ1)

αHHb(λ2) DPF(λ2) αO2Hb(λ2) DPF(λ2)

] [

�[HHb](t)

�[O2Hb](t)

]

, (5)

which than can be solved for the concentration changes given by
[

�[HHb](t)

�[O2Hb](t)

]

= 1

d

[

αHHb(λ1) DPF(λ1) αO2Hb(λ1) DPF(λ1)

αHHb(λ2) DPF(λ2) αO2Hb(λ2) DPF(λ2)

] −1 [

�A(λ1, t)

�A(λ2, t)

]

. (6)

When using three or more wavelengths and the specific molar absorption coefficients, the

system of equations becomes

[

�[HHb](�t)

�[O2Hb](�t)

]

= (AT
A)−1

A
T

⎡

⎢

⎣

�A(λ1,�t)/DPF(λ1)
...

�A(λn,�t)/DPF(λn)

⎤

⎥

⎦

1

d
, (7a)

with

A =

⎡

⎢

⎣

αHHb(λ1) αO2Hb(λ1)
...

...

αHHb(λn) αO2Hb(λn)

⎤

⎥

⎦
. (7b)

Thus, for each SDS, the absolute changes of [O2Hb] and [HHb] can be calculated. The

following values for the specific molar absorption coefficient (given in (mm−1 mM−1)) were

applied in the present study: for O2Hb: 0.1518 (760 nm), 0.2020 (805 nm), 0.2800 (870 nm),

and for HHb: 0.3153 (760 nm), 0.2030 (805 nm), 0.1881 (870 nm). The numerical values of

the DPF can be obtained from the literature (e.g. Zhao et al 2002), or by using a recently

introduced general equation, modeling the DPF as a function of the wavelength and also

the age of the investigated subject (Scholkmann and Wolf 2013). For the present study, the

DPF was obtained by applying a linear regression to the values for a male adult forehead as

published by Duncan et al (1995). The resulting DPF values are: 6.11 (760 nm), 5.94 (805 nm),

and 5.68 (870 nm). From the �[O2Hb] and �[HHb] signals, the change in total hemoglobin

concentration can be calculated by �[tHb] = �[O2Hb] + �[HHb].

2.1.2. SD method 2: modified wavelength-differential Beer–Lambert law with calibration.

A limitation of the MBLL method (as described in section 2.1.1) is that only concentration

changes can be determined. Benni et al (2005) developed a method to obtain absolute

concentration values using CW NIRS, based on the groundwork of Hazeki and Tamura (1988),

(1989) and Hoshi et al (1997).

720



According to this method, the absolute concentrations can be calculated by
[

[HHb](t)

[O2Hb](t)

]

=
(

1

d

[

(αHHbDPF)λ1−λ2
(αO2HbDPF)λ1−λ2

(αHHbDPF)λ3−λ2
(αO2HbDPF)λ3−λ2

] [

Aλ1−λ2
(t)

Aλ3−λ2
(t)

]

−
[

�HHb

�O2Hb

])

,

(8a)

with

Aλi−λ j
(t) = − ln

(

I(λi, t) I0(λ j, t)

I0(λi, t) I(λ j, t)

)

, (8b)

and (αkDPF)λ1−λ2
= αkDPF(λi) − αkDPF(λ j) | k = HHb, O2Hb, as well as the calibration

coefficients �HHb and �O2Hb which are determined by a nonlinear regression against reference

values obtained from blood. Since we were not able to calibrate against reference blood values,

we averaged over the last minute of the measurement and assumed a StO2 value of 60% as

well as a [O2Hb] value of 100 μM. We solved the equation thus

[O2Hb] + �O2Hb

[O2Hb] + �O2Hb + [HHb] + �HHb

= 0.6, (9)

and

[O2Hb] + �O2Hb = 100 μM. (10)

Equation (8) is applied, for example, in the NIRS devices of CASMED (Branford, CT,

USA).

The advantage of equation (8) is that absolute values for [O2Hb] and [HHb] can be

obtained. If these are not of interest, the system of equations from Hazeki and Tamura (1988),

1989) and Hoshi et al (1997), which do not incorporate a calibration, can be used:
[

�[HHb](t)

�[O2Hb](t)

]

=
(

1

d

[

(αHHbDPF)λ1−λ2
(αO2HbDPF)λ1−λ2

(αHHbDPF)λ3−λ2
(αO2HbDPF)λ3−λ2

]−1 [

�Aλ1−λ2
(t)

�Aλ3−λ2
(t)

]

)

, (11)

where the � indicates time-differential variables as in equation (6). To distinguish equation (10)

from (11) in the further course of the paper, the former is referred to SD method 2a and the

latter to SD method 2b.

2.1.3. SD method 3: correlation-based signal improvement. Based on the assumptions that

(i) under ideal conditions the changes of [O2Hb] and [HHb] should be maximally negatively

correlated for neuronal activation, and that (ii) changes in the light coupling weaken the

negative correlation, Cui et al (2010) derived the ‘correlation-based signal improvement’

(CBSI) method to calculate a corrected O2Hb signal

x′ = − 1

2α
(x − αy) , (12a)

and a corrected HHb signal

y′ = − 1

α
x′, (12b)

with x = [O2Hb] (or �[O2Hb]), y = [HHb] (or �[HHb]), and α = σ (x)/σ (y), i.e. the ratio of

the standard deviations σ (x) and σ (y). The calculated signals x′ and y′ are a linear combination

of the O2Hb and HHb signal, and should be more robust against MAs compared to the raw

signals. x′ is the corrected O2Hb and y’ the corrected HHb signal. Since in principle CBSI can

be applied to any O2Hb and HHb signals, regardless of how it was calculated, we examined

how this method influences the signal quality when applied to the other SD methods (1–2)

and MD methods (1–3). Thus, this SD method 3 does not offers an algorithm to calculate

the hemodynamic/oxygenation signals from the measured raw intensity values, but it is an

approach how to increase the resilience of the signals to MA in a signal post-processing step.
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2.1.4. MD method1: spatially resolved spectroscopy. A more fundamental description of the

light transport through tissue than the MBLL is the radiation transfer equation (Haskell et al

1994, Lindkvist et al 2013)

1

c

∂U (r, ŝ, t)

∂t
= −∇U (r, ŝ, t) ŝ − (μs + μa) U (r, ŝ, t) + μs + Q(r, ŝ, t), (13)

withU (r, ŝ, t) (W (m2 sr)−1) the average intensity, c the speed of light, ŝ the unit vector pointing

in the direction of interest, μs the scattering coefficient, r the position in the three-dimensional

space, P(ŝ′, ŝ) the normalized differential scatter cross section, and Q(r, ŝ, t) the source term.

When μ′
s ≫ μa (μ′

s: reduced scattering coefficient) holds for the medium, by expanding U in

spherical harmonics and keeping only the first two terms of the expansion, equation (13) can

be simplified to the diffusion equation

1

c

∂φ(r, t)

∂t
= +∇ [D∇φ(r, t)] − μaφ(r, t) + Q(r, t), (14)

with φ(r, t) the photon fluence rate (W m−2), and D the diffusion coefficient given as D =
1/3(μa+μ′

s). When the diffusion coefficient is spatially invariant, equation (14) results in

1

c

∂φ(r, t)

∂t
= +D∇2φ(r, t) − μaφ(r, t) + Q(r, t). (15)

Employing equation (15), assuming a semi-infinite medium and a point light source

emitting a very short pulse and integrating it over time, it is possible to derive an equation

relating the attenuation A to the SDS d for the CW case, yielding (Matcher et al 1995, Patterson

et al 1989, Suzuki et al 1999)

∂A(λ, t)

∂d
= 1

ln(10)

(

√

3μa(λ, t)μ′
s(λ) + 2

d

)

, (16)

where A(λ, t) = −log(R(d,λ, t)), with R the reflectance measured at the detector (Suzuki et al

1999). The reflectance is defined as the absolute total photon flux density and related to the

photon fluence rate by Fick’s law (Patterson et al 1989) and can be expressed as (under the

assumptions 1/μ′
s ≪d and μa≪ μ′

s)

R(d, λ, t) =
√

3μa (λ, t)μ′
s(λ)

2πd2 μ′
s(λ)

e−d
√

3μa (λ,t)μ′
s(λ). (17)

When modeling μ′
s as depending weakly on the wavelength, μ′

s = k(1 − hλ), equation (16)

can be solved for the absorption coefficient, giving

kμa(λ, t) = 1

3(1 − hλ)

(

ln(10)
∂A(λ, t)

∂d
− 2

d

)2

, (18)

with the constants k and h. While k is unknown, h is set, for example, to 6.3 × 10−4 nm−1 in

the NIRO-300 device (Hamamatsu Photonics, Japan) (Suzuki et al 1999).

The OxyPrem sensor (see section 2.2) in the present study employs shorter SDS than the

NIRO-300 device and thus violates the principle that the detectors measuring the absorbance

slope are close together with respect to the distance from the source. Therefore we calculated

the absorption as

kμa(λ, t) = 1

3μ′
s(λ)

(

ln(10)
∂A(λ, t)

∂d
− 2

ln (dL/dS)

dL − dS

)2

. (19)

The values for μ′
s are taken from the literature (Matcher et al 1997). This equation can

be derived when instead of differentiating A(d) with respect to d, evaluating ∂A(λ)/∂d =
(A(dL)–A(dS))/(dL–dS). This also reveals why the NIRO system needs to have separations

between the detectors (δ) much smaller than the SDS. The second terms in equations (18)
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and (19) will only become equal when dL = dS+δ and δ ≪ dS. For the calculation of ∂A/∂d

at least two light-paths using one source and two detectors are necessary. Note that when

equation (19) is expanded to use two sources and two detectors (similarly to Hueber et al

(1999), this calculation of the absorption coefficient yields the same equation as used in the

self-calibrating approach (equation (24)).

When measuring kμa(λ) for two specific wavelengths (λ1, λ2), related to the optical

properties of hemoglobin, the following system of equations can be obtained:
[

kμa(λ1, t)

kμa(λ2, t)

]

= ln(10)

[

αHHb(λ1) αO2Hb(λ1)

αHHb(λ2) αO2Hb(λ2)

] [

k [HHb](t)

k [O2Hb](t)

]

, (20)

with the solution
[

k [HHb](t)

k [O2Hb](t)

]

= 1

ln(10)

[

αHHb(λ1) αO2Hb(λ1)

αHHb(λ2) αO2Hb(λ2)

]−1 [

kμa(λ1, t)

kμa(λ2, t)

]

. (21)

Note that the NIRO system calculates these via the MBLL. However, for the present

analysis, [O2Hb] and [HHb] are calculated by equation (21). The NIRO implements this

approach to calculate StO2 (Hamamatsu calls it ‘tissue oxygenation index’, TOI), which is an

absolute value, because the unknown factor k cancels out:

StO2(t) = k [O2Hb](t)

k ([O2Hb](t)+[HHb](t))
= [O2Hb](t)

([O2Hb](t)+[HHb](t))
. (22)

It should be also pointed out, that the value of StO2 depends on the wavelength dependence

of μ′
s. It has been shown that the wavelength dependence of μ′

s is similar between subjects for

the same tissue (Matcher et al 1995).

The main advantages of this MD method (called ‘spatially-resolved spectroscopy’, SRS),

compared to the traditional SD method is that (i) absolute concentrations can be calculated,

and that (ii) this method is less sensitive to hemodynamic and oxygenation changes in the

superficial part of the tissue (Al-Rawi et al 2001). It is also assumed that this method is less

affected by changes in the light coupling, i.e. it is more resilient to MAs. To compare this

approach to the others, we calculated [O2Hb], [HHb] and StO2 from equation (22).

2.1.5. MD method 2: self-calibrating approach. In 1999, Hueber et al (1999) presented a

further development of the SRS approach. For this method, at least two detectors (D1 and D2)

and two sources (S1 and S2) are necessary (figure 2(c)). Four detector source combinations

result and these should be arranged in such a way that only two different SDSs (a longer, dL,

and a shorter one, dS) exist, i.e. the distance from source S1 to detector D1 (dS1) should be

the same as the distance from source S2 to detector D2 (dS2). Accordingly, the distance from

source S1 to detector D2 (dL2) should be the same as the distance from source S2 to detector

D1 (dL1). The slope (Sl) of the attenuation decrease depending on distance is calculated as

Sl(λ, t) =
ln

(

R(dL1,λ,t) R(dL2,λ,t)

R(dS1,λ,t) R(dS2,λ,t)

)

+ 2 ln
(

dL

dS

)

dL − dS

. (23)

Then μa is given as

μa(λ, t) = Sl(λ, t)2D(λ, t), (24)

where the diffusion constant D equals (Metz et al 2013):

D(λ, t) = 1

3(μa(λ, t) + μ′
s(λ))

∼=
1

3μ′
s(λ)

. (25)

The reflectance R in equation (23) may be substituted with the detected intensity. This

approach cancels out light tissue coupling, superficial inhomogeneity and detector sensitivity

as long as the coupling from one source affects both detectors in the same way and vice versa,

and providing there is no light short circuiting along the surface of the tissue.
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It should be noted that the original method presented by Hueber et al (1999) was designed

for frequency domain fNIRS, enabling the direct measurement of μ′
s. In the case of the CW

methodology, μ′
s has to be obtained from literature.

2.1.6. MD method 3: modified Beer–Lambert law with short channel regression. Fabbri et al

(2004) showed that the influence of the superficial component of the probed tissue can be

removed by simply performing measurements with two SDS (short and long) and using the

equation

�Ac(λ, t) = �AL(λ, t) − α �AS(λ, t), (26)

with �Ac(λ, t) the corrected attenuation, �AL(λ, t) the attenuation of the long SDS (sampling

brain and superficial components), and �AS(t, λ) corresponding to the short one (sampling

superficial components only). According to Fabbri et al (2004) the parameter α can be

determined by calculating the ratio �AL(λ, t)/�AS(λ, t) during a time interval when μa

is constant in the cerebral layer—a requirement that is only valid for special conditions. To

circumvent this drawback, Saager and Berger (2005) showed that the parameter α can be

calculated directly using a least-squares approach:

α = �AS(λ, t) ◦ �AL(λ, t)

�AS(λ, t) ◦ �AS(λ, t)
, (27)

i.e. a quotient of two scalar products. Saager and Berger (2005) showed that when calculating

the parameter value for every segment in an experimental block-paradigm, the influence of

the superficial layer can be removed properly.

2.2. Experimental protocol

In order to test the extent to which the six different methods are resilient to MAs, we

measured the light attenuation during four different experimental tasks using a novel CW NIRS

device, the OxyPrem, which is similar to a previously developed wireless spectrophotometer

(Muehlemann et al 2008). The device features two light detectors and four sources at two

different SDSs (1.5 and 2.5 cm), and performs measurement at three wavelengths (760, 805

and 870 nm).

The OxyPrem was attached over the left prefrontal cortex of two subjects (age: 29 and

31 years). In general, our experimental paradigm consisted of two phases: rest, and a task

(duration: 1–2 s). Between each task, several minutes were waited to enable the signal to

reach a stable state again. Four different tasks were performed: (a) fast horizontal movement

of the head to the left and right, (b) strong pressing onto the optode with the index finger (i.e.

vertical displacement), (c) movement of the head down and up, (d) short frowning. Each of

the tasks causes a different kind of MA. In total, four measurements were performed (subject

one performed tasks 1–2, subject two tasks 3–4). The tasks were repeated six times each. For

a diagram of the experimental tasks please refer to figure 3.

After recording the raw optical data, the [O2Hb], [HHb] and StO2 signals were calculated

for all six different methods as presented in the previous subsections.

2.3. Performance analysis of the different methods

To quantify the impact of the four types of movement on the calculated signals, (i) for each

signal a block average was calculated, starting 10 s before each task (i.e. the induced MA) and

ending 10 s after the end of each task; (ii) the block average was divided into three intervals:

a pre-task baseline (tpre = −10, . . . ,−8 s), a task interval (with slightly varying duration
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(a) (b) (c) (d)

Figure 3. The four tasks to induce movement artifacts.

depending on the actual measurement, in general: ttask = −1, . . . , 1 s), and a post-baseline

interval (tpost = 8, . . . ,10 s); (iii) the parameters q1–q3 were calculated. The first parameter

q1 is defined as

q1 = mpost − mpre, (28)

with mpost the median of the post-task baseline, and mpre the median of the pre-task baseline,

respectively. This represents a baseline shift caused by the movement. Significant baseline

changes are marked by an asterisk above the top right panel in figures 6 and 7. Significance

was tested by a paired t-test between mpost and mpre. Analogously, q2 was defined as

q2 = mtask − mpre, (29)

with mtask the median of the task-interval. The value of q2 will be high if the artifact peak is

large. The parameter q3 is given by

q3 = med

(

MADtask

MADpre

)

, (30)

i.e. the median (med) of the quotient given by the median absolute deviation (MAD) of the

task interval divided by the MAD of the pre-task interval. q3 has a high value in cases where

the artifact causes a larger standard deviation in the task period compared to the baseline

period and when a large peak artifact is observed. Significant MAD changes are indicated

by an asterisk above the middle gray bar in figures 6 and 7. Significance was tested using a

paired t-test of mtask/mpre against 1. False discovery rate correction was performed to account

for multiple testing (Benjamini and Hochberg 1995) (104 tests in total).

From these three parameters (q1–q3), a score Q was calculated that quantifies the strength

of an MA for a given time series:

Q = |q1| + |q2| + |q3| . (31)

The parameter Q was derived heuristically by optimizing the best correlation between the

parameter values and an expert’s decision about the strength of the MA. The higher the value

of Q, the stronger the MA.

We accounted for tissue heterogeneities by normalizing the Q values to the number of

light-paths. For example the MD method 2 uses four light-paths whereas the SD method 1 only

one. Thus, for the same light-paths, for MD method 2 only one Q value could be calculated,

but four Q values for SD method 1. These were averaged to achieve a normalization.

In addition, the mean of Q values for all four tasks were averaged for each algorithm. This

parameter was denoted as 〈Q〉.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4. Time courses for all calculated signals and all four tasks. The intervals when
the tasks were performed are marked with grey bars. Time courses of concentration of
oxyhemoglobin [O2Hb] are in red and [HHb] in blue. For SD method 2, two rows are
presented ((a) and (b)), as explained in the corresponding section in the text. The only
difference between the two methods is the absolute values of O2Hb and HHb, which
is 70–100 μM for the (a) case but approximately 0 for the (b) case, the relative time
course is the same. Note that time courses were not averaged to represent all the same
number light-paths.
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(b)

(c)

(d)

(e)

(f)

(a)

Figure 5. As figure 4, but the correlation based signal improvement (CBSI, SD method
3) was calculated for the [O2Hb] and [HHb] time series. Note that the scales are similar
to figure 4.

3. Results

The temporal evolution of the time series for all four tasks and algorithms is given in figure 4

(SD methods 1–2 and MD methods 1–3) and figure 5 (SD method 3). The block averages of

the task-related signal changes are depicted in figures 6 and 7. Table 1 lists the Q values for

all tasks and algorithms, and in figure 8 the Q values for each algorithm are displayed.

In general, figures 6 and 7 clearly show (i) that the impact of movements on the calculated

signals depends on the algorithm, (ii) that the traditional CW NIRS approach (the MBLL,

i.e. SD method 1) performs worst compared to all other algorithms, (iii) that task 2 (pressure

application) causes the strongest MAs in O2Hb, whereas task 4 (frowning) causes the strongest

MAs in HHb. 〈Q〉 was reduced in all methods compared to SD method 1 and the largest

reduction (i.e. improvement of signal quality) was found for MD method 2 (49.6% in O2Hb

and 55.3% in HHb).

Concerning the SD methods, the SD method 2 had lower Q values (i.e. is less affected

by MAs) for HHb signals compared to SD method 1. For O2Hb signals the Q values were

comparable. The MD methods showed in general lower Q values than the SD methods, and this

was particularly clear in O2Hb calculated using MD method 2. The Q values for the oxygen
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 6. Block averages for all calculated signals and all four tasks. The mean value
was subtracted from each block before averaging. Mean time courses are presented
and the shaded areas represent the 95% confidence interval. Grey bars in the middle
represent task time (i.e. when the artifact was induced). Asterisks above the grey bars
indicate a significantly higher MAD of the artifact compared to the MAD of the baseline
(criteria q3, e.g. seen for all up/down movement, except for row (g). An asterisks on
the top right of the panel indicates a significant baseline shift induced by the artifact
(e.g. row (a), first and second column). Numbers on the right of each panel represent the
quality index (Q) related to the block average. Red values represent O2Hb Q indices and
blue values HHb Q indices. Rows (f), (g) and (h) represent tissue oxygenation (StO2)
time courses. The StO2 Q is also given right of the panel. Note that time courses were
not averaged to represent all the same number of light-paths. For this reason, the quality
indices observed here may not be equal to the quality indices given in table 1.
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(a)

(b)

(c)

(d)

(e)

Figure 7. As figure 6, but the correlation based signal improvement (CBSI) method was
applied to the signals.

(a) (b)

Figure 8. (a) Visualization of table 1. The mean of the Q values for each method
and signal. Error bars represent standard deviation. (b) Visualization of table 2, i.e.
shown is the improvement of the quality value for each method when applying the
CBSI method. O2Hb: oxyhemoglobin, HHb: deoxyhemoglobin. CrSO2, TOI, StO2: The
different terms for tissue oxygen saturation related to the method employed to calculate
it: cerebral regional oxygen saturation (CrSO2, SD method 2), tissue oxygen index (TOI,
MD method 1), tissue oxygen saturation, respectively (StO2, MD method 2).
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Table 1. For the four tasks, the quality indices for oxygenated and deoxygenated
hemoglobin (O2Hb and HHb, respectively) and tissue oxygenation (StO2, TOI, CrSO2)
time courses are given. Lower Q values indicate better signal quality, i.e. the effect of
the MAs is reduced. For O2Hb and HHb, lowest values are obtained with MD method 2.
For StO2, lowest values are obtained for MD method 3. SD method 1: MBLL (Delpy
et al 1988). SD method 2: As used in Benni et al (2005) and Hazeki and Tamura (1989).
MD method 1: SRS, as used in the NIRO system (Matcher et al 1995, Suzuki et al
1999). MD method 2: As used in Hueber et al (1999). MD method 3: As used in Saager
and Berger (2005). Q values are averaged over the four same light-paths.

Q values O2Hb

Right/left Pressure Up/down
movement application movement Frowning Sum Mean (〈Q〉) ± SD

SD method 1 3.58 11.83 4.97 6.21 26.59 6.65 ± 3.61

SD method 2 2.74 11.11 3.94 8.03 25.83 6.46 ± 3.84

MD method 1 3.31 10.60 3.73 5.98 23.62 5.91 ± 3.35

MD method 2 2.83 5.86 1.66 3.05 13.40 3.35 ± 1.78

MD method 3 2.85 10.26 3.22 4.74 21.07 5.27 ± 3.43

Q values HHb

SD method 1 1.52 9.28 3.32 16.16 30.27 7.57 ± 6.62

SD method 2 1.43 3.86 1.52 8.02 14.82 3.71 ± 3.09

MD method 1 1.38 8.82 1.95 7.08 19.23 4.81 ± 3.71

MD method 2 1.22 5.5 1.19 5.62 13.53 3.38 ± 2.52

MD method 3 1.24 5.83 1.71 5.28 14.05 3.51 ± 2.37

Q values TOI, StO2, CrSO2

SD method 2 1.57 7.52 2.14 3.11 14.35 3.59 ± 2.70

MD method 1 2.18 7.48 2.40 8.18 20.26 5.06 ± 3.21

MD method 2 2.52 7.81 1.80 5.81 17.95 4.49 ± 2.82

Table 2. Improvement of Q when applying SD method 3 (Cui et al 2010) on the different
[O2Hb] and [HHb] time courses. Change is given in %, relative to the original Q value
stated in table 1. A positive value indicates a reduced Q and therefore a reduction of the
artifact in the signal i.e. SD method 3 further improves signal quality; however on the
cost of more difficult data interpretation. For abbreviations see caption of table 1.

Change in Q values O2Hb (representative)

Right/left Pressure Up/down
movement application movement Frowning Mean

SD method 1 +43.69 +21.58 +53.28 +24.70 +35.81

SD method 2 +23.88 +18.93 +26.45 +43.54 +28.20

MD method 1 +37.58 +37.17 +55.31 − 2.24 +31.95

MD method 2 +26.72 −16.03 +12.31 − 45.82 −5.71

MD method 3 +39.03 +46.30 +49.36 +8.40 +35.77

Change in Q values HHb (representative)

SD method 1 +7.54 +17.55 +55.48 +78.68 +39.81

SD method 2 − 9.68 −95.14 −40.34 +61.17 −21.00

MD method 1 − 57.89 +15.15 −23.61 − 15.62 −20.49

MD method 2 − 107.47 −42.07 −51.47 − 3.26 −51.07

MD method 3 − 7.20 +15.58 +18.57 +31.58 +14.63
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saturation signals (CrSO2, TOI and StO2) calculated using the SD method 2 and MD methods

1–2 were quite similar.

4. Discussion and conclusion

We aimed to quantify the robustness of different SD and MD methods against MAs. To the

best of our knowledge, this is the first systematic analysis with regard to this issue.

Our analysis revealed that (i) the MD methods are superior to the SD methods in terms

of resilience to MAs; (ii) the SD method 1 (i.e. the modified Beer–Lambert law (MBLL))

is strongly affected by movements which led to the strongest MAs in the calculated signals

compared to all other algorithms employed by our analysis; (iii) artifacts in SD method

1 can be reduced significantly by employing SD method 3 (i.e. correlation-based signal

improvement (CBSI)); (iv) SD method 3 applied to MD method 3 (i.e. the MBLL with short

channel regression) improves the signal quality, which is not the case for SD method 2 (i.e.

the modified wavelength-differential Beer–Lambert law with calibration; implemented in the

CASMED devices) or MD methods 1 (i.e. spatially resolved spectroscopy; implemented in

the NIRO-300 device) and 2 (i.e. the self-calibrating approach); and most importantly (v) the

strength and type of MA in a NIRS signal depend on the algorithms used to calculate the

hemodynamic and oxygenation values.

We took care to implement the algorithms as close as possible to the original intended

applications stated by the authors. However, the MD method 1 slightly violates our sensor

geometry, i.e. the requirements for the source–detector configuration (Suzuki et al 1999) are

not completely fulfilled. To correct for this issue, we slightly adapted the original algorithm of

MD method 1 to two detectors with greater distance to each other (i.e. 1.0 cm) as compared

to the original method (<5 mm). Hence, the robustness of the NIRO device may differ from

our evaluation of the algorithm. Furthermore, NIRO uses the MBLL to calculate changes in

O2Hb and HHb, but we used equation (19).

Regarding SD method 3 (i.e. CBSI), our analysis showing a reduction in MAs when

applying this method is in agreement with the analysis of Cui et al (2010) which showed that

‘large spikes visually evident in the original signal are largely removed by the CBSI method’

(Cui et al 2010). However, one drawback of this method is that (i) it should be applied only

to NIRS signals with task-evoked changes, and (ii) their physiological interpretation is not

straight-forward since the method assumes that O2Hb and HHb were perfectly negatively

correlated during a hemodynamic response, which is only partially true for real data.

We also observed that MD methods are more resilient to MAs compared to SD methods.

In addition MD methods remove the influence of the superficial tissue (Al-Rawi et al 2001,

Canova et al 2011, Franceschini et al 1998), thus they are superior to SD methods and

recommended for NIRS applications. This feature is particularly of interest for the detection of

task-evoked brain activity (i.e. the hemodynamic response) which is accompanied by changes

in hemodynamics in the superficial tissue too (Gagnon et al 2012, Kirilina et al 2012, 2013,

Klaessens et al 2004, 2005, Okada and Delpy 2003). Compared to the other MD methods, MD

method 3 (i.e. the MBLL with short channel regression) seems to have a slight disadvantage

in that sense that the channel with the short SDS (1.5 cm) contains also a small amount of

information related to the hemodynamic activity in deeper tissue layers (i.e. the gray matter)

which is then regressed out from the channel with the longer SDS (i.e. 2.5 cm). This could

reduce slightly the sensitivity to detect evoked hemodynamic changes due to brain activity. A

solution is to use a short channel with a SDS of only a few mm.

In addition, it should be noted that the correct quantification of the concentrations by all

the SD and MD methods depends on the correct assumption of μ′
s or the DPF.
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Our analysis revealed that for specific tasks, e.g. the pressure application, MAs were not

completely removed by either algorithm. Therefore, application of specially designed signal

processing algorithms will further reduce MAs, e.g. (Barker et al 2013, Cooper et al 2012,

Izzetoglu et al 2005, 2010, Molavi and Dumont 2011, Robertson et al 2010, Sato et al 2006,

Scholkmann et al 2010).

In summary, we performed a quantitative analysis concerning the effect of MAs on [O2Hb],

[HHb] and StO2 signals calculated using different methods. To the best of our knowledge,

no analysis of this type had previously been performed to date. Our results showed that

the MA impact was high when calculating these signals using the MBLL. Signal quality

was improved most by applying MD methods (self-calibrating principle, spatially resolved

spectroscopy, Saager–Berger approach). The maximum signal quality increase was observed

for MD method 2 (i.e. the self-calibrating MD approach).
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