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ABSTRACT.

Significance: The use of functional near-infrared spectroscopy (fNIRS) is expand-
ing, including examples of devices approved for routine clinical use for specific indi-
cations. Instrument standardization is a critical element to facilitate clinical adoption.
Currently, there is no published description of a phantom that meets the require-
ments of IEC 80601-2-71, the IEC/ISO standard for fNIRS equipment.

Aim: We report an example of the implementation of the fNIRS standard phantom
described in IEC 80601-2-71. We further report results from measurement cam-
paigns with this phantom prototype in Japan and Europe.

Approach: A phantom prototype was built and circulated among multiple academic
and commercial fNIRS groups with diverse instrumentation. The phantom prototype
was characterized by wavelength-dependent measurements of its diffuse optical
features and utilized in a test for fNIRS signal magnitude as described in IEC
80601-2-71.

Results: The optical loss of this phantom prototype as well as its change by varying
an internal aperture were found to be ~40 dB and between 3.5 and 3.6 dB, respec-
tively. The test for fNIRS signal magnitude based on this phantom was successfully
carried out on various commercial fNIRS devices.

Conclusions: The characteristics of the phantom prototype agreed with the spec-
ifications in the standard. The phantom prototype proved suitable for the related test
in IEC 80601-2-71.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.

Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.NPh.12.4.045010]

Keywords: functional near infrared spectroscopy; international standard; phantom;
diffuse attenuation; performance tests

Paper 25120GR received Aug. 4, 2025; revised Nov. 5, 2025; accepted Nov. 10, 2025; published Dec.
5, 2025.

*Address all correspondence to Hiroshi Kawaguchi, hiroshi.kawaguchi @aist.go.jp

Neurophotonics 045010-1 Oct-Dec 2025 o Vol. 12(4)

RESEARCH PAPER



https://orcid.org/0000-0002-1496-2812
https://orcid.org/0000-0002-1654-5166
https://orcid.org/0000-0003-3266-6061
https://orcid.org/0000-0002-4995-293X
https://orcid.org/0000-0002-9488-944X
https://orcid.org/0000-0002-6878-8936
https://orcid.org/0000-0002-2261-2089
https://orcid.org/0000-0002-3846-8659
https://doi.org/10.1117/1.NPh.12.4.045010
https://doi.org/10.1117/1.NPh.12.4.045010
https://doi.org/10.1117/1.NPh.12.4.045010
https://doi.org/10.1117/1.NPh.12.4.045010
https://doi.org/10.1117/1.NPh.12.4.045010
https://doi.org/10.1117/1.NPh.12.4.045010
mailto:hiroshi.kawaguchi@aist.go.jp
mailto:hiroshi.kawaguchi@aist.go.jp
mailto:hiroshi.kawaguchi@aist.go.jp
mailto:hiroshi.kawaguchi@aist.go.jp

Kawaguchi et al.: Phantom for standardization in functional near-infrared:. .

1 Introduction

Functional near-infrared spectroscopy (fNIRS, functional NIRS) records localized changes in the
concentrations of oxy- and deoxyhemoglobin that are related to neuronal activation of the human
brain. As near-infrared (NIR) light (650 to 950 nm) is minimally absorbed by tissue, this tech-
nique may be noninvasive: a small spot on the scalp is illuminated and diffuse light is detected
after passage through tissue. With a typical source-detector separation of a few centimeters (e.g.,
3 cm), the detected light has penetrated deeply enough into the tissue to carry information about
haemodynamic processes in the cerebral cortex. The spectral differences between oxy- and
deoxyhemoglobin in the NIR region permit calculation of changes in their concentrations from
changes in detected light intensity at two or more wavelengths. fNIRS devices can be compact
and portable, enabling measurements in a wide range of locations and subject postures, and thus
studies of brain activation in naturalistic environments. These capabilities have in turn led to
a variety of fNIRS applications in human neuroscience and medicine.'™

Clinical trials and studies have been reported in healthy subjects, for multiple disease states,
and for a variety of physiological conditions. The utility of fNIRS is perhaps greatest in subjects
and situations where other neuroimaging techniques are difficult to apply, e.g., pediatrics,” '
motor rehabilitation,''™'* and gait studies.'* In addition, fNIRS-based quantitative biomarkers
may complement or replace existing subjective assessment methods, e.g., in psychiatry,'>!8
anesthesiology,'>?° and neurology,”** for diagnosis, symptom grading, therapeutic efficacy
assessment, and prognosis prediction. Several fNIRS devices have been approved or certified
by the Pharmaceuticals and Medical Devices Agency (PMDA) of Japan. Reimbursement by the
Japanese public medical insurance system is provided for their use in preoperative testing for
neurosurgery and in assisting in the differential diagnosis of depressive states.”

Because standardization is a critical element to enable clinical adoption, Japanese manu-
facturers collaborated to establish a domestic standard for fNIRS devices. Subsequently, the
development of this international standard was proposed by Japan in 2011. The international
standard “Particular requirements for the basic safety and essential performance of functional
near-infrared spectroscopy (NIRS) equipment,” IEC 80601-2-71** has been jointly developed
by the International Electrotechnical Commission (IEC) and the International Organization for
Standardization (ISO). It is a particular standard in the 60,601 family of standards for medical
electrical equipment. It covers continuous-wave (CW) fNIRS devices, whereas time- and fre-
quency-domain fNIRS devices as well as tissue oximeters are excluded from its scope. The first
edition of IEC 80601-2-71 was published in 2015 as a result of the consensus-based process of
development of international standards pursued by the IEC/ISO Joint Working Group JWG)
“Oximeters” (IEC/TC 62/SC 62D/JWG 5 and ISO/TC 121/SC 03/JWG 10). In 2025, following
a systematic review, the second edition of this standard was published.?* For the history of the
development of the standard, refer to the literature.”

The fNIRS standard IEC 80601-2-71 includes several quantitative performance tests aimed
at ensuring safe and reliable performance of medical fNIRS equipment. Most of these tests rely
on a specific turbid phantom, here termed “fNIRS standard phantom.” It provides a realistic
overall diffuse attenuation in relation to fNIRS measurements on the human head and is equipped
with a mechanism to change the attenuation by a specific amount. The prominent purpose of this
phantom is to implement the main test in the standard, i.e., the test for the fNIRS signal mag-
nitude (“pathlength-dependent hemoglobin change”). Other phantom-based tests included in the
fNIRS standard address signal-to-noise ratio, signal stability, response time, and signal cross-
talk. Section 6.1 in Appendix cites several definitions of terms and specifications of the phantom
from IEC 80601-2-71:2025%* that are relevant for the present publication.

The prototype of the fNIRS standard phantom described herein was developed in a collabo-
ration between the National Institute of Advanced Industrial Science and Technology (AIST) and
several Japanese fNIRS manufacturers, in the process of preparing the first edition of the fNIRS
standard (2010-2011). In this publication, it will be termed “fNIRS standard phantom proto-
type,” in short “phantom prototype.” Note that the basic optical concept of this kind of phantom
was previously presented in the work by Firbank and Delpy at University College London in
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1994, with the purpose of checking the long-term stability and accuracy of relative attenuation
measurements in fNIRS.?

Two measurement campaigns have been conducted with the fNIRS standard phantom proto-
type. In the first campaign, replicas of this prototype were shared with several Japanese fNIRS
manufacturers (Hamamatsu Photonics K. K.; Hitachi, Ltd; Shimadzu Corp.). As a trial, perfor-
mance tests were run on their fNIRS equipment to check the practical aspects of the suitability of
the phantom prototype.

A second phantom measurement campaign was conducted in 2022/2023 during the revision
of the fNIRS standard, among members of the JWG “Oximeters.” This campaign was held in
Europe, under the leadership of AIST, as a round-robin campaign circulating one of the original
(i.e., 2010) fNIRS standard phantom prototypes to a total of six partners. These included two
manufacturers of CW fNIRS devices (Artinis Medical Systems NV, The Netherlands; NIRx
Medizintechnik, GmbH, Germany), two research institutions (PTB Berlin, Germany, and
Politecnico di Milano, Italy), a time-domain NIRS device manufacturer (PIONIRS s.r.l., Italy),
and a phantom manufacturer (BioPixS Ltd., Ireland). The purpose of this second campaign was
threefold:

(1) During the revision of the standard, it was important for the European manufacturers to gain
experience in testing their devices with the phantoms that had so far not been available
outside Japan.

(i1) A basic characterization of the phantom was performed with respect to optical parameters
that are specified in the standard, i.e., the total optical loss, the change in optical loss, and
their wavelength dependence.

(ii) For a deeper understanding of the phantom’s function, the optical characteristics of the phan-
tom were investigated in more detail. The results of the estimation of the wavelength-
dependent optical properties (scattering and absorption) of the phantom material and of
dedicated Monte-Carlo simulations of light propagation to model the characteristics of
diffuse attenuation of the composite phantom prototype are presented in a companion
publication.”” Ttems (i) and (ii) are covered in the present publication.

The purpose of the present paper is to disseminate a practical implementation of the fNIRS
standard phantom based on the specifications defined in the standard IEC 80601-2-71, as well as
the estimation of its optical attenuation characteristics that are relevant for the performance tests
of fNIRS equipment included in this standard. To date, there has been no publication detailing the
concrete implementation of the phantom specified in the international standard, and we consider
this information to be crucial for readers in the fNIRS community.

2 Materials and Methods

2.1 Concept and Design of the fNIRS Standard Phantom

The standard IEC 80601-2-71 includes various tests to evaluate the performance of fNIRS
equipment and employs a phantom with known and stable optical characteristics to implement
these tests in an accurate and reproducible manner. The standard defines and specifies a
“functional NIRS phantom” (see Sec. 6.1 in Appendix) that is required for several performance
tests.

The design of the fNIRS standard phantom must meet two goals: (i) to mimic the diffuse
character of light emerging from the human head, with a typical total attenuation, and (ii) to
mimic attenuation changes due to changes in oxy- and deoxyhemoglobin concentrations caused
by brain activation. Section 6.2 in Appendix lists the specifications of the fNIRS phantom as
provided by the fNIRS standard. According to these specifications, the fundamental components
of the phantom are two turbid cylindrical attenuators and two switchable circular apertures of
different diameters sandwiched between the attenuators. The specifications of the turbid attenu-
ators include limits on their dimensions, absorption, reduced scattering coefficients, and surface
roughness. Moreover, the material is required to be optically homogeneous and isotropic. For the
purpose of the tests in the fNIRS standard, it is not relevant to mimic details of light propagation
in the human head with its complex tissue structure and optical properties.
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Figure 6 in Sec. 6.2 in Appendix (Figure BB.1 of the fNIRS standard) schematically shows the
general design of the phantom. States A and B of the phantom correspond to the different apertures
(A—Ilarger, B—smaller) aligned with the central axes of both attenuators. For the baseline state A,
it is specified that the optical loss (OL, definition see Sec. 6.1 in Appendix) is greater than 40 dB.
Some of the tests in the fNIRS standard require an even greater OL in state A (>60 dB). Sixty dB
OL can be achieved by adding a neutral density filter attached to the entrance face of a 40-dB
diffusive attenuator. The standard requires AOL, the change in OL between states A and B, to be
between 3 and 4 dB, and the diameters of both internal apertures not to exceed 8 mm.

These comprehensive specifications provide a general framework but leave options for the
implementation. In particular, the material of the attenuators, their specific dimensions, and the
specific size of the internal apertures are not prescribed in the standard. Further, for the optical
properties, ranges are defined rather than specific values.

2.2 Implementation of the fNIRS Standard Phantom
2.2.1 Design of the phantom prototype

Figure 1 shows a schematic, and Fig. 2(a) shows a photo of a prototype that implements the
fNIRS standard phantom. The material for the attenuator is polyoxymethylene (POM), a white,
turbid plastic material that has a reduced scattering coefficient generally comparable to that of
biological tissue. In addition, the absorption coefficient is very low and nearly constant across
the wavelength range of the light sources used in most fNIRS instruments.

Exploded view ) Central cross-sectional view
Atn 2
(¢60) State A State B
slide bar holder
I, I 1, I
Ap A ApB
slide bar
Ap A (¢6)
Ap B (¢4)
Atn 1 Atn 1 Atn 2
($60) (th20)  (th 10)

Fig.1 Schematic diagrams of the prototype implementing the fNIRS standard phantom. The phan-
tom consists of two cylindrical attenuators (Atn), 1 and 2, a slide bar of 0.5-mm thickness contain-
ing two apertures (Ap) A and B with different diameters, and its holder. The distance between Atn
1 and 2is 1.2 mm. The numbers in parentheses indicate relevant dimensions (thickness and diam-
eters, represented by th and ¢, respectively) of the parts of the prototype (in mm). Light input and
output, as well as the fixed aperture in the holder (diameter 8 mm) and in-use switchable aperture,
are co-axial.
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Fig. 2 (a) fNIRS standard phantom prototype as used in both phantom campaigns. (b) Parts of the
phantom prototype. 1—attenuators, 2—slider with apertures, 3—holder of slider, 4—Dblack barrel

cover, 5—C-mount rings, 6—flanges for optodes, 7—flange for power meter, and (c) filter to
increase the optical loss to 60 dB.

(@)
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The mechanism for changing the attenuation is realized as follows: As illustrated in Fig. 1,
two holes are arranged on a long, thin bar, and the aperture size can be changed by sliding the
bar between two stops. The slide bar is made of aluminium and anodized to reduce the surface
reflection of near-infrared light. The two switchable apertures are 6.0 and 4.0 mm in diameter,
respectively; the ratio of their areas is 2.25.

The slide bar holder has stoppers to ensure that each aperture, when in use is reproducibly
centered on the optical axis. The other parts shown in Fig. 2(b) are not specified in the standard.
These parts are used to hold the main parts mentioned above in place and to reduce the influence
of ambient light, which is particularly important because of the low absorption of POM. Adapters
for attaching the optodes of fNIRS instruments of different manufacturers and the sensor of the
power meter with good positioning reproducibility are also beneficial for accurate testing.

Replicas of the fNIRS standard phantom prototype were used in both phantom measurement
campaigns (2010 to 2011 in Japan, 2022 to 2023 in Europe). In the second campaign, AIST
additionally provided a high-grade calibrated optical power meter type 8320 with optical sensor
82321B (ADC Corporation, Japan) to facilitate accurate characterization of the phantom and
the required reference measurements.

2.2.2 Selection of turbid phantom material

POM samples evaluated for this phantom were Duracon® (NE25X, Polyplastics, Japan) and
Polypenco® Acetal (POM-NC, Polypenco, Japan), both copolymers. The bulk of each material
was machined into three 40 mm X 40 mm X 5 mm sections with surface roughness Ra of
0.8 um. The diffuse transmittance and diffuse reflectance of each section were measured using
a spectrophotometer with an integrating sphere (UV-2600i and ISR-2600Plus for UV-2600,
Shimadzu Corp., Kyoto, Japan). Prior to this experiment, one sample of Duracon and one of
Polypenco Acetal were repeatedly removed and inserted in the spectrophotometer 5 times to
check for repeatability of both transmittance and reflectance measurements. Based on the results
of these studies (see Sec. 3.1), Duracon was selected.

2.2.3 Filter to increase the optical loss to 60 dB

For some of the tests described in the standard, an attenuator with OL of 60 dB or higher is
required. Such an attenuator can be created by equipping the original phantom with an additional
optical filter of an optical density of 2 or greater over the spectral range of interest, corresponding
to a filter transmission <1%. The following optical filters were tested for their suitability to
achieve this goal, (i) a 3-mm-thick volume absorptive neutral density glass filter NG3 (Schott,
Germany); (ii) a reflective neutral density filter ND520B (Thorlabs, New Jersey, USA),
i.e., a glass substrate with a highly reflective metal (Inconel®) coating on one side; and (iii) a
non-reflective neutral density filter OD 2.0 NIR #63-413 [Edmund Optics, New Jersey, USA,
Fig. 2(c)], i.e., a glass substrate with coatings on both sides, with reflection <2%.

The filter-glass—based NG3 filter had a transmission between 1% and 1.5% between 725 and
900 nm (manufacturer specifications), but only 0.3% at 670 nm and less for shorter wavelengths. It
approximately fulfills the requirement of an optical density of 2 or greater; however, the resulting
optical density of the phantom combined with this NG3 filter exhibits a remarkable wavelength
dependence. A reflective ND filter such as the ND520B is not suitable for this purpose either: when
placed close to a highly scattering material, a substantial fraction of the diffused light exiting the
phantom gets reflected back into the phantom. Tests with this filter attached to the entrance face of
the fNIRS phantom showed an excess in the overall transmission of the filter-phantom combina-
tion compared with the value expected from the filter transmission by about 40% (data not shown).
The ND filter with minimized reflection OD 2.0 NIR #63-413 exhibited a relatively flat trans-
mission spectrum (monotonously decreasing from 1.28% at 600 nm to 0.86% at 845 nm; own
measurements). It turned out to be the best option for a wide range of wavelengths and was
attached to the entrance face of the fNIRS standard phantom to achieve an overall OL of ~60 dB.

2.3 Characterization of the Phantom Prototype: Optical Loss and Its Change

The quantity OL is used here as defined in the standard IEC 80601-2-71, as a property of the
fNIRS standard phantom, see Sec. 6.2 in Appendix. OL expressed in dB can be written as

Neurophotonics 045010-5 Oct-Dec 2025 o Vol. 12(4)



Kawaguchi et al.: Phantom for standardization in functional near-infrared:. .

OL = —1010g¢(Pex tota/ Pin)» Where Py, is the input power and P, i, is the total power of
light that exits a circular aperture of area S, as specified in the standard (diameter 8§ mm,
attached to and centered on the phantom’s exit face) in any direction. It should be noted that
OL is related to T, the diffuse transmittance at the center of the phantom exit face according to
OL = —101log((S.<T) provided the diffuse transmittance is approximately constant over the
area of the exit aperture.”®

The characterization of OL of the phantom prototype as well as of its change AOL upon
switching the internal aperture was based on the following measurements. A supercontinuum
laser SuperK Fianium FIU-15 PP (NKT Photonics, Germany) equipped with a tuneable filter
VARIA (NKT Photonics, Germany) was employed as a tuneable light source in the range from
600 to 845 nm with a spectral bandwidth of 10 nm and an average output power on the order of
10 mW at a repetition rate of 78 MHz. It should be noted that the pulsed character of the light
source was not relevant for this measurement. A collimated beam of a diameter less than 5 mm
was directed to the center of the entrance face of the phantom. The light exiting the phantom
through a centered aperture of diameter 8.02 mm directly attached to its exit face was recorded by
an optical power meter type 8320 with optical sensor 82321B (ADC Corporation, Japan). OL and
AOL were measured as a function of wavelength in steps of 50 nm.

For OL, first, the ratio was obtained of the exiting power in state A to the input power. The
input power was measured with the same power meter before and after each set of measurements.
Before OL was calculated, a correction formula [Eq. (6) in Ref. 28] based on the radiant power
transfer equation®” was applied to account for the actual size of the photosensitive area of the
power meter (diameter 8.5 mm) and its finite distance from the phantom surface.

For the change AOL, the exiting power was recorded by the same power meter while switch-
ing the internal apertures between both positions by moving the slider manually. This procedure
was repeated several times to suppress the influence of a possible drift in laser power.

2.4 Performance Test for fNIRS Signal Magnitude by Means of the fNIRS
Standard Phantom

The present work focuses on the main application of the phantom, i.e., the test for “pathlength-
dependent hemoglobin change,” which stands for the fNIRS signals representing the product of
mean optical pathlength and the concentration changes of oxyhemoglobin (O,Hb) and deoxy-
hemoglobin (HHb), respectively (see Sec. 6.1 in Appendix).

The test procedure follows the description provided in Annex BB 3.1 of the standard IEC
80601-2-71:2025 (see Sec. 6.3 in Appendix). The test consists of the main measurement with
the device under test, a reference measurement, and their comparison:

e The main measurement aims at estimating the pathlength-dependent oxy- and deoxyhe-
moglobin changes (Acoop,L and AcyypL) that the NIRS device under test reports when
the phantom is switched from state A (baseline state) to state B by changing the size of the
internal aperture. The emitter optode is attached to the entrance side, the detector optode to
the exit side of the phantom. The data acquisition protocol is identical to that for in vivo
measurements.

o The reference measurement relies on an independent estimation of the attenuation change
between states A and B of the phantom at all nominal wavelengths of the fNIRS device
under test. The light source can be an external stabilized light source or the source optode of
the device under test. The power exiting the phantom is recorded by a sufficiently sensitive,
calibrated power meter. The attenuation change AA occurring between states A and B is
calculated for each nominal wavelength by applying Eq. (2) (see Sec. 6.3 in Appendix),
where the light intensities /4 and I are replaced with the related measured power values.
The corresponding reference values (AcoppyL)per and (AcympL)ger are calculated by
applying Eqgs. (4) and (5) (see Sec. 6.3 in Appendix). These formulas are valid for the
two-wavelength case. If the fNIRS device has more than two wavelengths, the linear
system of equations in Eq. (3) can be solved as well.

o The results obtained for Acgoy,L and AcyyyL, respectively, from the main and the refer-
ence measurements are compared. The fNIRS standard requires the relative differences to
be less than 5% for O,Hb as well as for HHbD.
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It should be noted that the results for Acooy, L and Acyyy L from this phantom test cannot be
compared between different fNIRS devices. These results depend on the set of wavelengths used,
even if the attenuation change AA is the same and independent of wavelength. For more details,
see Sec. 4.3.

3 Results

3.1 Selection of the Phantom Material

The diffuse reflectance and transmittance of sections of Duracon and Polypenco Acetal are
shown in Fig. 3. The wavelength dependence of diffuse reflectance and transmittance was similar
for both materials, but Duracon had higher values than Polypenco Acetal. The diffuse reflectance
fell off at longer wavelengths and decreased more markedly at wavelengths above 850 nm. The
diffuse transmittance tended to be higher with increasing wavelength in the wavelength range
from 650 to 850 nm and decreased with increasing wavelength above 850 nm. Between 650 and
900 nm, the standard deviations of diffuse reflectance (0.16% versus 0.56%) and transmittance
(0.48% versus 0.58%) among samples were smaller in Duracon than in Polypenco Acetal. Based
on these results, Duracon was selected as the material for the phantom prototype.

3.2 Optical Loss and Its Change

Figure 4(a) presents OL of the fNIRS phantom prototype with and without a neutral density filter
of nominal optical density 2 (transmission 1%, attenuation 20 dB). The results refer to measure-
ments with the required aperture of 8 mm diameter attached to the exit face of the phantom.
In both cases, the requirements to achieve an optical loss of 40 and 60 dB, respectively, were
met rather well. The values measured were slightly less than the required values; however, the
difference does not substantially exceed the estimated overall uncertainty of 1 dB.

The phantom exhibits a minor wavelength dependence in OL (1.6 dB decrease from 650 to
845 nm). In the 60-dB case, the wavelength dependence is even less because the spectrum of the
added specific OD2 filter exhibits a slight decrease in transmission for increasing wavelengths,
corresponding to an increase in attenuation by 1.7 dB, as derived from the transmission data of
the chosen filter given in Sec. 2.2.3, over the wavelength range plotted in Fig. 4(a). Incidentally,
this increase nearly completely compensates for the decreasing OL of the phantom itself.

The uncertainty in the estimation of OL includes several factors. Perfect linearity of the
power meter over six decades is challenging (example: 10 mW input corresponds to outputs
of 1 yW and 10 nW for 40 and 60 dB, respectively). Several parameters necessary for the radio-
metric correction of the recorded power (effective position, diameter, and homogeneity of the
photosensitive area of the power meter) are not exactly known. The overall uncertainty was

(8 1 (b)
60} Duracon 35| Duracon ]
Polypenco Acetal Polypenco Acetal
55+t 30F
S0l < os| ]
- - M
45 20t E
40+ 15}
650 700 750 800 850 900 650 700 750 800 850 900
A (nm) A (nm)

Fig. 3 Diffuse reflectance (R) and diffuse transmittance (T) of POM materials, Duracon and
Polypenco Acetal as a function of wavelength (1). The average from three samples (40 mm x
40 mm x 5 mm sections) for each material is shown as solid lines. The upper and lower limits of
the error bars indicate the maximum and minimum values among the samples, respectively.
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Fig. 4 (a) Optical loss (OL) as a function of wavelength (1) for the phantom prototype in state A,
with and without a neutral density filter with low reflectivity (OD 2.0 NIR #63-413, Edmund Optics)
attached to its entrance face, together with the filter spectrum. (b) Change in the optical loss (AOL)
of the phantom prototype due to a change in the diameter of the internal aperture from state A to
state B. The estimated uncertainty is 0.04 dB.

estimated as 1 dB, corresponding to a 20% relative uncertainty of the power ratio. Error bars are
not shown in Fig. 4(a), as they would barely exceed the size of the symbols.

Figure 4(b) shows the measured change AOL of the phantom prototype when switching
from the larger (state A) to the smaller (state B) internal aperture. The change AOL is well within
the required range from 3 to 4 dB. Based on the specific phantom construction, the expected
change is 3.52 dB, as given by the ratio of the areas of the internal apertures (2.25). The AOL
values plotted in Fig. 4(b) are slightly larger than the expected value and exhibit a minor decrease
with wavelength within the range investigated, from 3.58 dB at 600 nm to 3.54 dB at 845 nm,
corresponding to a decrease in the power ratio by 0.9%.

3.3 Application of the Phantom Prototype for Testing fNIRS Devices

The phantom prototype presented in Sec. 2.2.1 (see Figs. 1 and 2) has been applied for perfor-
mance testing of fNIRS devices in two phantom campaigns. In the first phantom campaign,
pathlength-dependent hemoglobin changes were measured on the replicas of the phantom proto-
type with commercial fNIRS devices of three Japanese manufacturers. In the second phantom
campaign (2022 to 2023), utilizing one of the phantoms from the original 2010 campaign, two
European manufacturers performed the test procedure for pathlength-dependent hemoglobin
changes with their devices (see Table 1). The values for Acoyy,L and Acyp, L measured for
all devices were of similar magnitude, but at least in part clearly different from device to device.
It is important to note that these data do not indicate the relative superiority or inferiority of
devices: The results depend on the specific set of wavelengths of each device, and a comparison
between devices is not meaningful. In addition, the set of absorption spectra adopted has a

Table 1 Pathlength-dependent hemoglobin changes measured on the fNIRS standard phantom
prototype by various devices from Japanese manufacturers (Hamamatsu Photonics K.K, Hitachi
Ltd, Shimadzu Corp) and European manufacturers (Artinis Medical Systems BV, Netherlands, and
NIRx Medizintechnik GmbH, Germany). The device names were anonymized. Note that one
manufacturer performed the measurements with two different devices.

Device | Il 1] v \ \

Wavelengths (nm) 695, 830 780, 805, 830 775, 810,850 760, 845 760, 850 785, 830
ACoprpL (1M cm) 243.6 230.9 242.9 222.8 215.3 166.8

Al (uMcm) 124.3 159.1 154.5 133.8 133.7 224.9
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Fig. 5 Wavelength dependence of pathlength-dependent hemoglobin changes as measured on
the fNIRS standard phantom. (a) Molar decadic absorption coefficients ¢ for HHb and O,Hb based
on Wray et al.*® and Prahl.?! (b) Pathlength-dependent hemoglobin changes calculated as a func-
tion of 4, in the range from 670 to 800 nm with fixed 4, = 830 nm and constant AA = 0.3522, for
both sets of absorption spectra plotted in (a) with 4, and 1, highlighted in gray.

considerable influence on the results. The results for device VI exhibit a different order than those
of the other devices, i.e., Acyg, L > Acoom, L. However, this finding is entirely plausible for the
wavelengths of this device, together with a specific set of spectra that differs from the sets that
were used as examples in Fig. 5. It should be noted that information about the set of absorption
spectra implemented in the various devices was not available from the manufacturers. For further
explanations on the performance test for pathlength-dependent hemoglobin changes, refer to the
discussion in Sec. 4.3.

The related measurements of the pathlength-dependent hemoglobin changes were success-
fully completed with all devices. For each device under test, the values obtained from the device
output and from the associated reference measurement (with the same set of wavelengths) agreed
within 5% as required in the standard, for both, Acgoy,L and AcyypL.

4 Discussion

4.1 Implementation of the fNIRS Standard Phantom

An fNIRS standard phantom is required to be suitable for performing the tests specified in the
standard. The most relevant characteristics of this phantom are a specified total diffuse attenu-
ation (or OL) and a method to change it by a well-defined amount. In addition, the phantom
should be device agnostic and usable for testing of devices under industrial conditions.

Diffuse optics research has primarily utilized phantoms for the development of novel meas-
urement techniques and system checks of the devices.’> Here, phantoms are often required to
mimic the optical properties of biological tissues. This can be achieved by independently con-
trolling scattering and absorption properties by adding appropriate substances to a base material
such as epoxy resin or silicone. However, in case of the fNIRS standard phantom such closeness
to tissue optical properties is not required, and any type of turbid material can be considered.
In the wavelength range from 650 to 850 nm, the scattering coefficient of white POM is high and
generally comparable to that of biological tissue, whereas the absorption coefficient is approx-
imately constant and considerably lower than that of biological tissues. The constant absorption
coefficient is extremely useful for testing various devices equally using the same phantom. In
addition, white POM is readily available in solid bulk and is easily machinable. These features
make white POM a good choice for the attenuator material of the fNIRS standard phantom. Note
that the standard also allows the fabrication of attenuators with epoxy or silicon resins; however,
careful consideration must be given to the influence of the absorption properties of the base
material on the characteristics of the phantom (OL, AOL) and their wavelength dependence.
These aspects will be tackled in the companion paper.?’

There is a wide variety of white POM bulk products available, and their properties can vary
due to differences in molecular chains for chemical stability (copolymer or homopolymer),
and moulding methods, all of which may affect optical homogeneity. In particular, “center line
porosity” is a known issue in POM-H such as Delrin. In this work, homogeneity was evaluated
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by measuring diffuse reflectance and transmittance of several sections of samples of two different
POM-C (copolymer) materials (Fig. 3) machined to surface roughness Ra = 0.8 ym. The more
homogeneous material of these two samples, Duracon, was selected for the phantom prototype.

The basic optical principle of the phantom prototype is consistent with the general concept
as proposed earlier by Firbank and Delpy.?® This concept includes apertures of variable diameter
sandwiched between two turbid blocks. A largely wavelength-independent attenuation change is
achieved by switching between different apertures. However, the design of the present phantom
prototype is less complex and more appropriate for performing the standard tests. The major
difference is the reduction to two internal apertures to create a single attenuation change, whereas
Firbank’s design features eight apertures. A related advantage of the present design is the reduc-
tion of the total thickness of the slider and its holder from 13.5 mm in Firbank’s design
to 1.2 mm. This modification reduces the light attenuation by the slider aperture walls and
simplifies the estimation of AOL, which solely depends on the diameter of the apertures.
For the present phantom prototype, a well-defined, appropriate total optical loss was specified
(OL > 40 dB). By inserting a specified aperture (§ mm) on the exit face and defining OL via the
ratio of the total optical power exiting this aperture to the input power, the diffuse attenuation of
the composite phantom can be assessed in a simple, standardized way. Another difference
between the two phantoms lies in their materials. The phantom prototype uses commercially
available POM as its turbid material, which is advantageous because it does not require the manu-
facturing of a homogeneous solid turbid medium with strict formulation of additives to adjust the
absorption and scattering coefficients.

Various groups have developed different types of fNIRS phantoms devoted to performance
testing of specific aspects of fNIRS instrumentation and data analysis methods. A major aspect is
the quantitative simulation of localized absorption changes that occur in the brain due to changes
in oxy- and deoxyhemoglobin concentrations. A frequent approach is the use of layered phan-
toms to assess the depth selectivity of fNIRS measurements. Jelzow et al. used a two-layer liquid
phantom with a stepwise increase of the absorption coefficient in each layer to test a depth-selec-
tive reconstruction method for time-domain fNIRS measurements.** Funane et al. constructed an
all-solid phantom with a POM base containing two layers at different depths, in which turbid
slabs with higher absorption could be moved in and out of the region of interest.** Kawaguchi
et al. developed a more realistic phantom with four solid layers where the optical properties of
two of them mimicking scalp and brain could be changed by moving different parts
independently.®® These solid layered phantoms were used to validate analysis methods employ-
ing measurements at different source-detector separations to eliminate the influence of superficial
hemoglobin changes on CW fNIRS signals.

Phantoms that more accurately replicate the anatomical structure of the human head and
localized absorption changes have also been developed. Tanikawa et al. fabricated a phantom
that precisely modeled the anatomical structure of the human head by integrating magnetic res-
onance imaging data and stereolithography.*® In addition, they designed a system to induce local-
ized absorption changes by switching the liquid circulation pathway.’” Barbour et al. developed
the sophisticated head phantom equipped with programmable electrochromic cells capable of
arbitrarily modulating local absorptions over time.*® These techniques enable the construction
of phantoms that closely emulate both the anatomical and functional properties of the human
brain, providing valuable tools for the validation of advanced functional neuroimaging methods
such as diffuse optical tomography.

A particularly simple and effective method to mimic localized absorption changes (in both
depth and lateral direction) was developed by Martelli et al.,***° showing that a totally absorbing
object of a certain (small) volume yields virtually the same attenuation change that would be
measured for a realistic absorption change within a larger volume.* Such phantoms were first
implemented with black polyvinyl chloride cylinders suspended in a liquid phantom based on
Intralipid and ink*’ and used in a multi-laboratory campaign devoted to performance assessment
of instruments for time-domain fNIRS imaging, as part of the European project “nEUROPt."*!
A solid implementation of this type of phantom was published by Pifferi et al.*> and used in the
BitMap campaign.*

These phantoms with black inclusions have the potential utility in performance tests required
in future versions of the fNIRS standard including FD and TD fNIRS techniques. In the context
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of the present work, it is interesting to consider whether phantoms with black inclusions would
be suitable for testing in CW fNIRS as well. The current phantom is ill-suited for reflection
geometry; however, phantoms with inclusions may be used in either reflection or transmission
geometry. On the contrary, the attenuation change introduced by the presence of the black inclu-
sion is not a distinct value but depends on the emitter-detector separation and on the scattering
and absorption coefficients of the surrounding turbid medium. Thus, the attenuation change
cannot be estimated in a straightforward manner but requires dedicated Monte-Carlo simulations.
Moreover, the attenuation change is generally wavelength-dependent, specifically due to the
inevitable wavelength dependence of the reduced scattering coefficient.

As a result of these considerations, the advantages of the method used with the fNIRS
standard phantom to create an attenuation change become obvious. The change in attenuation
(equivalent to AOL) is (i) essentially given by the ratio of the areas of the changeable internal
apertures and (ii) therefore essentially independent of wavelength. This feature is a firm basis for
various tests performed with the fNIRS standard phantom, including tests for signal-to-noise
ratios. All wavelengths occurring in fNIRS devices are treated equally, avoiding any preference
for specific sets of wavelengths that may differ from device to device.

4.2 Optical Loss and Its Changes

The results for OL of the fNIRS standard phantom prototype [see Fig. 4(a)] show that this imple-
mentation meets the requirements of the standard well, both for the 40 dB and the 60 dB case.
The values of OL do not quantitatively influence the results of any of the tests in the standard
directly. However, the high OL ensures that the light propagation within the phantom is diffuse,
and the power as well as the angular distribution of the light exiting the phantom are similar to
those of light exiting the human head in fNIRS measurements.

It should be noted that OL is not a unique characteristic of the composite phantom itself. Its
value critically depends on the diameter of the exit aperture (specified as 8 mm) that limits the area
of the radiating surface “seen” by the power meter. Moreover, apart from the size of the exit
aperture, the power recorded depends on the finite distance of the photosensitive area of the power
meter from the phantom surface and its actual diameter. To eliminate these influences on the
estimation of OL, a radiometric correction is included in the measurement.”®

The actual total light attenuation experienced by an fNIRS device can differ from OL. The
amount of light that hits its detector optode depends on its effective receiving area, which can
be different from the area of the 8-mm-—diameter exit aperture, and on its acceptance angle.
As opposed to OL, the AOL measurement is comparatively robust against geometric conditions
because only the ratio (~2) of two power values is relevant. Here, the radiometric correction is
not necessary and the size of the area on the exit face from which the light is collected has a very
minor influence.

The OL of the phantom is mainly achieved by (i) strong scattering and (ii) the internal aper-
ture. In POM scattering, and thus OL, decreases with wavelength. The minor, but reproducible,
wavelength dependence of AOL is most likely due to the finite size of the apertures relative to the
scattering-dependent spatial light distribution inside the attenuators. More insights into light
propagation within the fNIRS standard phantom are provided in the companion paper.”’

Switching an internal aperture is an effective method to achieve an almost completely wave-
length-independent AOL and thus attenuation change AA, as already mentioned in Firbank’s
work.”® However, ignoring residual wavelength dependence when calculating (Acoom, L) ger and
(AcyppL )ges can cause deviations of up to 2% (device output and reference values are required to
be within <5%). Therefore, it is recommended to measure AA for each wavelength of the device
under test accurately and to include the wavelength dependence AA(4) in Egs. (4) and (5)
(Sec. 6.3 in Appendix) when calculating the reference values.

It is interesting to discuss whether a switchable broadband filter in front of or within a diffuse
attenuator could be an alternative to creating AOL by switchable internal apertures. However,
it might not be trivial to achieve an attenuation spectrum of a (non-reflecting) filter that is
similarly flat as the AOL spectrum of the prototype, in a robust and reproducible manner.

Furthermore, it is worth noting that this work only assesses the phantom at wavelengths less
than 850 nm, as are typically used in commercial fNIRS devices. Beyond that limit, the flatness
of the OL and AOL spectra is not necessarily preserved. Additional measurements of OL and
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AOL up to 900 nm (not shown here) reveal only a moderate increase of OL to 45 dB at 900 nm,
where POM exhibits a major absorption peak. This finding is qualitatively consistent with the
decrease in diffuse transmittance of a thinner sample of the material toward 900 nm (see Fig. 3).
The POM absorption peak also influences AOL, but to a very minor extent, a decrease by
<0.06 dB compared with 850 nm.

4.3 Performance Test for Pathlength-Dependent Hemoglobin Change

It is important to realize that the results for the signal magnitude, i.e., pathlength-dependent
hemoglobin change (AcgoppL and Acyp, L), measured on the fNIRS standard phantom cannot
be compared between devices utilizing different wavelengths, as these results are wavelength
dependent. This dependence is illustrated by calculations displayed in Fig. 5 for an fNIRS device
with two wavelengths 4, and 4,. Figure 5(a) shows the absorption spectra of O,Hb and HHb
used, i.e., two sets of spectra from different literature sources.***! Furthermore, a constant attenu-
ation change AA = 0.3522, corresponding to the nominal AOL of the fNIRS standard phantom
prototype was assumed. The signals Acgqoyp, L and Acyy, L were calculated based on Egs. (4) and
(5), with 4; (shorter wavelength) and fixed 4, [see Fig. 5(b)]. The shorter wavelength 1; was
varied from 670 to 800 nm, where the HHb spectra exhibit pronounced changes, whereas the
longer wavelength was kept fixed at 4, = 830 nm.

The calculated results of the phantom-based tests described here, the magnitudes of both
Acoomp L and AcpynL, vary widely and non-monotonically with A,. For example, for 4; =
670 nm, Acoop,L is about 4 times larger than Acyy,L, whereas both signals are nearly equal
when the shorter wavelength is 4; = 730 nm, in case the Wray spectra are taken. The dip of the
HHD spectrum at 730 nm and the peak at 760 nm are reflected in both signals. It should be noted
that the strong wavelength dependence is not due to the phantom, where AA is virtually wave-
length independent [Fig. 4(b)], but rather due to the absorption spectra gy, (4) and ey, (4) used
in the analysis. Conversely, in a real in vivo fNIRS measurement, AA(A) carries the full spectral
information according to Eq. (3) in Sec. 6.3 in Appendix. In this case, solving this system of
equations via Eqgs. (4) and (5) yields the actual hemoglobin changes, independently of the set of
wavelengths used in the measurement.

The calculations also represent an example of the considerable influence of the choice of
absorption spectra from various literature sources. Figure 5(a) shows the clearly different spectra
from the two publications selected here. Similar differences are found between the spectra of
other authors; for a comparison of multiple spectral data sets for hemoglobin, see the
literature.** The reason for this diversity seems to be the difficulty in preparing completely oxy-
genated and deoxygenated hemoglobin for spectral measurements. The consequences for the
magnitudes of both Acgoy, L and Acyy,L are substantial. As an example, for 4, = 730 nm,
where application of the Wray spectra yields nearly equal values, Acpoyp,L exceeds Acyp,L
by more than 30% with the Prahl spectra. Hence, for the phantom test of fNIRS signal magni-
tudes to succeed, it is relevant to use the same absorption spectra in the calculation of the refer-
ence values as implemented in the device algorithm. Likewise, the use of different absorption
spectra can also lead to quantitative differences between in vivo fNIRS measurements performed
with different devices.

Having in mind a substantial wavelength dependence as shown in Fig. 5(a), it is obvious that
there are no unique target values for Acp,pyp L and Acyyy, L resulting from the performance test on
the phantom. Hence, the comparison between the measurements on a device under test and the
related reference measurements (see Sec. 2.4) with the same set of (device-specific) wavelengths
is the only comparison that is required in the fNIRS standard.

One relevant aspect of this comparison is a check of the device’s analysis algorithm. The
calculation in case of the reference measurement is prescribed in the standard and entirely trans-
parent, whereas the algorithm implemented in the commercial fNIRS device under test is not
necessarily known to someone performing the test. Failure of this test can be caused by (i) per-
forming the reference calculation with other wavelengths than those implemented in the device
algorithm and (ii) the use of different sets of hemoglobin absorption spectra in both calculations.
Yet, if the device under test has actual wavelengths deviating from the nominal values assumed in
both calculations equally, this cannot be detected by the test since AA generated by the phantom
is virtually independent of wavelength.
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Moreover, a common pitfall in fNIRS is confusion of decadic and natural logarithm (log;,
log,) in the calculation of AA. In case the device algorithm uses decadic € spectra but defines AA
via log, and the reference calculation of Acgooy,L and Acyy,L follows the way required in the
standard (log,), the results of the phantom test would exhibit a clear discrepancy by a factor of
2.3. Conversely, a successful comparison, i.e., a relative difference of <5% between measurement
by the device under test and reference measurement, can rule out such an error in the device’s
analysis algorithm.

The test for fNIRS signal magnitude relies on a single attenuation change only, i.e., linearity
is not explicitly addressed. Nevertheless, a successful comparison requires the measurement of
AA by the device under test to deliver a value that is close to AA recorded in the reference
measurement. A major nonlinearity in the relevant operating range of the device, when recording
the ratio of two power values that are about a factor of 2 apart, could cause the test to fail.

It should be noted that the magnitudes of Acgooy,L and Acyy, L obtained in this test are not
comparable with typical fNIRS signals. The latter are of the order of 20 yM-cm, i.e., around a
factor of 10 smaller. Moreover, for a typical brain activation, Acgoyy, L is positive, i.e., copppL 1S
larger than the baseline state, and Acyyy L is negative, whereas the respective results of the phan-
tom test are both positive. To address small signals, the fNIRS standard requires additional per-
formance tests that are related to signal-to-noise ratios of several quantities, a topic beyond the
scope of the present publication.

It is worth discussing the 5% limit of the relative difference between the measurement on a
device under test and the associated reference measurement in the context of fNIRS accuracy.
In clinical applications of fNIRS, which are addressed with the medical device standard IEC
80601-2-71, the absolute accuracy of the hemoglobin concentration changes rarely matters,
whereas the temporal profile of these signals is often the relevant result. The magnitude of
fNIRS signals measured on the human head critically depends on the thickness of extracerebral
layers (skin, skull), the overlap of the sampled region and the activated region of the cortex
(partial volume effect), as well as source-detector separation and interference of superficial
signals. These influences are mostly large compared with 5% of the signal magnitude.

4.4 Limits of Application of the fNIRS Standard Phantom

One disadvantage of the design of the fNIRS standard phantom is the challenge in utilizing this
phantom for reflectance probes with inseparable emitter and detector optodes. For the next
revision of the standard, a solution should be found for a reflectance-type phantom with similar
attenuation characteristics.

It should be noted that the standard IEC 80601-2-71 as well as the fNIRS standard phantom
are applicable to CW fNIRS equipment only. Recent advances in frequency-domain and time-
domain fNIRS technologies promise their successful clinical application. Related dedicated reli-
able, robust, and easy-to-use phantoms for standardized performance tests need to be developed
that address these advanced technologies, including their depth-selective capabilities.

5 Conclusions

The fNIRS standard phantom described and specified in the standard IEC 80601-2-71 for fNIRS
equipment is the major basis for performance testing in this standard. It relies on two turbid
blocks and two switchable circular apertures in between them that are used to create a repro-
ducible change in diffuse attenuation. We present a phantom prototype designed and manufac-
tured in Japan that implements this fNIRS standard phantom in a way that is easy to replicate and
robust in use. The characterization of this phantom prototype in terms of OL(1) and AOL(A)
demonstrated that this prototype meets the specifications in the standard. A specific useful find-
ing was the very minor wavelength dependence in AOL.

The usability of the phantom prototype was assessed by various fNIRS manufacturers con-
ducting the main performance test in IEC 80601-2-71 in two measurement campaigns, in Japan
and Europe. They were able to perform this test successfully, showing that the function of the
prototype fulfils the requirements. Meanwhile, replicas of the prototype became commercially
available from a phantom manufacturer (BioPixS Ltd., Cork, Ireland), which is another major
outcome of the second campaign.
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The practical work with the phantom prototype as well as the performance testing provided a
basis for a deeper understanding of both. This experience is represented in the extended discus-
sion in this publication. The companion publication,”’ another result of the activities of European
research groups during the measurement campaign on the phantom prototype, goes a step further.
It covers the spectral characterization of the scattering and absorption properties of the turbid
material used in the prototype and the subsequent modelling of the characteristics of the
composite phantom by Monte-Carlo simulations. The detailed understanding of the function
of this fNIRS standard phantom will facilitate the future development of standardization-related
advanced phantoms for fNIRS and similar optical methods.

This work can become a useful resource for fNIRS manufacturers and providers of phan-
toms for biomedical optics. It will foster the necessary inclusion of standardization in the devel-
opment of clinically relevant fNIRS devices and methods.

6 Appendix

6.1 Relevant terms and definitions from IEC 80601-2-71:2025

The terms and definitions in IEC80601-2-71 relevant to this paper are listed below with the
standard and subclause numbers given in parentheses. Due to the request of the Japanese local
standard association, the terms and definitions are given in the exact form in which they appear in
the standard, i.e., terms in the standard are capitalized, and they appear in the appendices of this
paper as well. Terms not listed here can be found in the IEC 60601-1 series including IEC 80601-
2-71. Note that ME EQUIPMENT indicates fNIRS equipment hereafter, and the exact definition
can be found in IEC 60601-1:2005+AMD1:2012 +AMD2:2020, subclause 3.63.

FUNCTIONAL NIRS PHANTOM

apparatus that simulates a PATHLENGTH-DEPENDENT HEMOGLOBIN CHANGE by giving
the ME EQUIPMENT a specified known change in attenuation to evaluate the difference
between the measured value of the pseudo PATHLENGTH-DEPENDENT HEMOGLOBIN
CHANGE obtained from the measurement on the phantom and the reference value calculated

from the attenuation change
(IEC 80601-2-71:2025, 201.3.208)

OPTICAL LOSS

ratio of the total optical power exiting the FUNCTIONAL NIRS PHANTOM or attenuator
through a specified aperture, to the optical power emitted by the EMITTER OPTODE connected
to the FUNCTIONAL NIRS MONITOR and placed on the entrance side of the FUNCTIONAL
NIRS PHANTOM or attenuator

(IEC 80601-2-71:2025, 201.3.210)

PATHLENGTH-DEPENDENT HEMOGLOBIN CHANGE

Ac- L

collective term which signifies the product of apparent hemoglobin concentration change and
the mean optical pathlength inclusive of two chromophores (oxyhemoglobin and deoxyhemo-
globin), as well as total hemoglobin change

(IEC 80601-2-71:2015, 201.3.212)

6.2 Brief Description of FUNCTIONAL NIRS PHANTOM based on
IEC 80601-2-71:2025

FUNCTIONAL NIRS PHANTOM should provide two light intensities /4 and I in states A and
B. Figure 6 (Figure BB.1 in the standard) shows the schematic diagram of the FUNCTIONAL
NIRS PHANTOM that is presented in the standard. The FUNCTIONAL NIRS PHANTOM is
composed of a material that has scattering characteristics similar to human tissues. Light intensity
is mainly attenuated by scattering in the FUNCTIONAL NIRS PHANTOM. The amount of
light transmission is varied with the (variable) optical aperture inside the FUNCTIONAL NIRS
PHANTOM.

The specifications include the size, the reduced scattering and absorption coefficients,
surface roughness, and material of the attenuators; the position and size of internal apertures;
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Fig. 6 The FUNCTIONAL NIRS PHANTOM in two states with different detected light intensities
(Figure BB.1 in IEC 80601-2-71:2025, reprinted with permission). The numbering is in accordance
with the standard and means the following: six Attenuator, eight FUNCTIONAL NIRS PHANTOM,
nine changeable aperture, 10 Incident light intensity 10, 11 detected light intensity: /4 and /g,
respectively, and 12 area of aperture.

and the position of the optode to be attached. The phantom prototype implemented in this
paper satisfies structural and material specifications. In addition, the FUNCTIONAL NIRS
PHANTOM is required to have an OPTICAL LOSS of greater than 40 dB in state A in case
of the performance test for PATHLENGTH-DEPENDENT HEMOGLOBIN CHANGE. The
light attenuation change between states A and B is to be within 3 dB to 4 dB at each wavelength.

The OPTICAL LOSS of a FUNCTIONAL NIRS PHANTOM is defined in the Annex BB
3.3 of the standard as the ratio of the total power exiting a circular aperture on the exit side of
specified diameter (8 mm) and the power injected on the entrance side P;,:

P ex,total
OL = P ¢))
where OL denotes the OPTICAL LOSS. Pe, (o 1S the total power emitted from the entire exit
aperture area into the full half space. Equation (1) is formula (BB. 9) of the standard.

The FUNCTIONAL NIRS PHANTOM specification is found in Annex BB 3.2 of the
standard and is quoted in part below. Some descriptions have been slightly modified, such
as deleting references to other parts of the standard. Please refer to the standard for the exact
specifications.

o Ensure that each of the two parts of the attenuating material is greater than or equal to
60 mm in diameter, the thickness of each part is greater than or equal to 10 mm, and the
total thickness of the two parts is greater than or equal to 30 mm.

o Ensure that the attenuating material has the following optical properties:

o reduced scattering coefficient y/: 0.8 to 1.2 mm™!

e absorption coefficient y,: 0.00 to 0.01 mm~'.

e POM or any other homogeneous, optically isotropic, and turbid material can be used,
provided it meets these conditions.

e  Once the scattering and absorbing material is selected, the required OPTICAL LOSS
can be adjusted by changing the thickness of the two attenuators or the size of the
internal aperture, or both.
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o The OPTICAL LOSS can be increased by inserting a neutral density filter on the
entrance face of the phantom. In particular, a phantom with an OPTICAL LOSS of
60 dB as required by some of the performance tests can be obtained using a 40 dB
phantom and inserting an appropriate neutral density filter between the EMITTER
OPTODE and the entrance face.

e The surface of the attenuating material should be finished with a roughness less than
1.6 ym.

o Ensure that the aperture on the entrance side that holds the EMITTER OPTODE is centered
on the axis of the cylindrical material.

o Ensure that the materials of the variable optical aperture and the case enclosing the scattering
materials of the FUNCTIONAL NIRS PHANTOM have little reflection at any relevant
wavelength.

o Ensure that the diameter of the changeable internal aperture is less than 8 mm.

o Ensure that the changeable circular aperture is inserted between the two parts and is aligned
with the centers of the apertures on the entrance and exit faces holding the EMITTER
OPTODE and DETECTOR OPTODE.

o Ensure that the exit aperture has a diameter of 8§ mm + 0.1 mm and is centered on the axis
of the cylindrical material.

o In state A, ensure that the FUNCTIONAL NIRS PHANTOM has an OPTICAL LOSS of
greater than 40 dB. A changeable optical aperture sandwiched between two attenuating
parts allows for the attenuation change between states A and B.

o Ensure that the light attenuation change between states A and B is between 3 and 4 dB at
each wavelength of the ME EQUIPMENT.

6.3 Derivation of PATHLENGTH-DEPENDENT HEMOGLOBIN CHANGE

Functional NIRS derives changes in oxy- and deoxyhemoglobin concentrations associated with
brain activation from changes in detected light intensities. The standard refers to these concen-
tration changes as PATHLENGTH-DEPENDENT HEMOGLOBIN CHANGE. The process to
derive the PATHLENGTH-DEPENDENT HEMOGLOBIN CHANGE is described in Annex
BB. 2 of the standard. Below is a shortened description of the derivation. For a more detailed
description, please refer to the standard. Equations (2)-(5) correspond to formulas (BB.2),
(BB.3), (BB.4), and (BB.5) in Annex BB 3.1 of the standard, respectively.

According to the modified Beer-Lambert law, if the hemoglobin concentrations change from
state A to state B, and 7,(4;) and I3(4;) represent the detected light intensities corresponding to
each state at wavelength /;, the ratio of I5(4;) to I,(1;) is related to the change in the attenuation
AA();) by the following equation.

Ia(4)
AA(4) =1 2
(;Ll) 0g10 |:IB(/11):|’ ( )
AA(4;) = eo,mp (i) Aco,mn L + 0,10 (4i) Aco,mp L, 3)

where A represents the difference between states B and A, the mean optical pathlength in the tissue
L is assumed to be independent of wavelength and time during the measurement, co,ppL and
cumb L are the oxyhemoglobin and deoxyhemoglobin concentrations, respectively, and eo,p (4;)
and ey, (4;) are the corresponding molar decadic (i.e., base 10) absorption coefficients. By meas-
uring AA(4;) at two or more wavelengths, the PATHLENGTH-DEPENDENT HEMOGLOBIN
CHANGE, Acg, iy, L and Acyyy, L, can be obtained. For example, using two wavelengths, 1; and
A2, Aco,mpL and Acypy,L, are given by Eqgs. (4) and (5), respectively:

enpp (42) AA (A1) — eunp (41)AA(4y)

Acoml = , 4
O2Hb €0,1b(41)ennp (A2) — €010 (42) €pn (A1)

Acun ] = 0,10 (41)AA(4) — €0,1b(42) AA(4,) 5)
Ho gOZHb(’ll)gHHb(AZ) - 802Hb(’12)€HHb(j'1) .

Neurophotonics 045010-16 Oct-Dec 2025 ¢ Vol. 12(4)



Kawaguchi et al.: Phantom for standardization in functional mear-infrared. ..

Disclosures

MFW and MH are CTO and employee of Artinis Medical Systems, respectively. LY and AVL were
employees and CTO of NIRx Medizintechnik during part of the period related to this publication,
respectively, and PB is the CEO of that company.

Code and Data Availability

The data that support the findings of this study are available from the corresponding author upon
reasonable request.

Acknowledgments

The authors are grateful to the fNIRS manufacturers Hamamatsu Photonics K. K. (Hamamatsu,
Japan), Hitachi, Ltd. (Tokyo, Japan), and Shimadzu Corporation (Kyoto, Japan) for providing the
test results for pathlength-dependent hemoglobin changes for their devices. This work was partly
supported by internal competitive funding for standardization from the Department of Information
Technology and Human Factors, AIST R2-S-04 (HK). Indirect support for this work was provided
by NIH RO1 NS122119 (DB) and R21 EB031261 (DB).

References

1. H. Ayaz et al., “Optical imaging and spectroscopy for the study of the human brain: status report,”
Neurophotonics 9(S2), S24001 (2022).

2. V. Quaresima and M. Ferrari, “Functional near-infrared spectroscopy (fNIRS) for assessing cerebral cortex
function during human behavior in natural/social situations: a concise review,” Organ Res Methods 22(1),
46-68 (2019).

3. K. Stute et al., “The fNIRS glossary project: a consensus-based resource for functional near-infrared
spectroscopy terminology,” Neurophotonics 12(2), 027801 (2025).

4. M. A. Yiicel et al., “Best practices for {NIRS publications,” Neurophotonics 8(1), 012101 (2021).

5. A. von Lithmann et al., “Toward Neuroscience of the Everyday World (NEW) using functional near-infrared
spectroscopy,” Curr. Opin. Biomed. Eng. 18, 100272 (2021).

6. P. Pinti et al., “The present and future use of functional near-infrared spectroscopy (fNIRS) for cognitive
neuroscience,” Ann. N. Y. Acad. Sci. 1464(1), 5-29 (2020).

7. A. Gallagher, F. Wallois, and H. Obrig, “Functional near-infrared spectroscopy in pediatric clinical research:
different pathophysiologies and promising clinical applications,” Neurophotonics 10(2), 023517 (2023).

8. C.Peng and X. Hou, “Applications of functional near-infrared spectroscopy (fNIRS) in neonates,” Neurosci.
Res. 170, 18-23 (2021).

9. L. K. Gossé, S. W. Bell, and S. H. Hosseini, “Functional near-infrared spectroscopy in developmental
psychiatry—a review of attention deficit hyperactivity disorder,” Eur. Arch. Psychiatry Clin. Neurosci.
272(2), 273-290 (2022).

10. E. Conti et al., “Looking for ‘fNIRS signature’ in autism spectrum: a systematic review starting from pre-
schoolers,” Front. Neurosci. 16, 785993 (2022).

11. J.-M. Belda-Lois et al., “Rehabilitation of gait after stroke: a review towards a top-down approach,”
J. Neuroeng. Rehabil. 8(1), 66 (2011).

12. M. Mihara and 1. Miyai, “Review of functional near-infrared spectroscopy in neurorehabilitation,” Neuro-
photonics 3(3), 031414 (2016).

13. M. Mihara et al., “Effect of neurofeedback facilitation on poststroke gait and balance recovery,” Neurology
96(21), €2587-e2598 (2021).

14. A. Bishnoi, R. Holtzer, and M. E. Hernandez, “Brain activation changes while walking in adults with and
without neurological disease: systematic review and meta-analysis of functional near-infrared spectroscopy
studies,” Brain Sci. 11(3), 291 (2021).

15. R. Li et al., “Current opinions on the present and future use of functional near-infrared spectroscopy in
psychiatry,” Neurophotonics 10(1), 013505 (2023).

16. F. Chang et al., “Research progress of functional near-infrared spectroscopy in patients with psychiatric
disorders,” Forensic Sci. Res. 6(2), 141-147 (2021).

17. S.Jiang, L. L. Carpenter, and H. Jiang, “Optical neuroimaging: advancing transcranial magnetic stimulation
treatments of psychiatric disorders,” Vis. Comput. Ind. Biomed. Art. S, 22 (2022).

18. C.S. H. Ho et al., “Diagnostic and predictive applications of functional near-infrared spectroscopy for major
depressive disorder: a systematic review,” Front. Psychiatry 11, 378 (2020).

19. X.-S. Hu, T. D. Nascimento, and A. F. DaSilva, “Shedding light on pain for the clinic: a comprehensive
review of using functional near-infrared spectroscopy to monitor its process in the brain,” Pain 162(12),
2805-2820 (2021).

Neurophotonics 045010-17 Oct-Dec 2025 e Vol. 12(4)


https://doi.org/10.1117/1.NPh.9.S2.S24001
https://doi.org/10.1177/1094428116658959
https://doi.org/10.1117/1.NPh.12.2.027801
https://doi.org/10.1117/1.NPh.8.1.012101
https://doi.org/10.1016/j.cobme.2021.100272
https://doi.org/10.1111/nyas.13948
https://doi.org/10.1117/1.NPh.10.2.023517
https://doi.org/10.1016/j.neures.2020.11.003
https://doi.org/10.1016/j.neures.2020.11.003
https://doi.org/10.1007/s00406-021-01288-2
https://doi.org/10.3389/fnins.2022.785993
https://doi.org/10.1186/1743-0003-8-66
https://doi.org/10.1117/1.NPh.3.3.031414
https://doi.org/10.1117/1.NPh.3.3.031414
https://doi.org/10.1212/WNL.0000000000011989
https://doi.org/10.3390/brainsci11030291
https://doi.org/10.1117/1.NPh.10.1.013505
https://doi.org/10.1080/20961790.2020.1720901
https://doi.org/10.1186/s42492-022-00119-y
https://doi.org/10.3389/fpsyt.2020.00378
https://doi.org/10.1097/j.pain.0000000000002293

Kawaguchi et al.: Phantom for standardization in functional near-infrared:. .

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

M. Hall et al., “Pain induced changes in brain oxyhemoglobin: a systematic review and meta-analysis of
functional NIRS studies,” Pain Med. 22(6), 1399-1410 (2021).

S. Srinivasan et al., “Illuminating neurodegeneration: a future perspective on near-infrared spectroscopy in
dementia research,” Neurophotonics 10(2), 023514 (2023).

M. K. Yeung and A. S. Chan, “Functional near-infrared spectroscopy reveals decreased resting oxygenation
levels and task-related oxygenation changes in mild cognitive impairment and dementia: a systematic
review,” J. Psychiatry Res. 124, 58-76 (2020).

R. Takizawa et al., “Neuroimaging-aided differential diagnosis of the depressive state,” Neurolmage 85,
498-507 (2014).

“IEC 80601-2-71:2025, Medical electrical equipment — Part 2-71: particular requirements for the basic safety
and essential performance of functional near-infrared spectroscopy (NIRS) equipment,” International
Standard (2025).

H. Kawaguchi and H. Eda, “Development of the international standard for functional near-infrared spec-
troscopy as medical equipment,” Biomed. Opt. Express 15(9), 5272-5279 (2024).

M. Firbank and D. T. Delpy, “A phantom for the testing and calibration of near infra-red spectrometers,”
Phys. Med. Biol. 39(9), 1509 (1994).

C. Amendola et al., “A phantom for standardization in functional near-infrared spectroscopy, part 2: Optical
properties and Monte Carlo simulations” (in preparation).

H. Wabnitz et al., “Characterization of homogeneous tissue phantoms for performance tests in diffuse optics,”
Proc SPIE 9700, 970004 (2016).

M. Bass, V. N. Mahajan, and E. V. Stryland, Handbook of Optics: Volume II — Design, Fabrication, and
Testing; Sources and Detectors; Radiometry and Photometry, 3rd ed., McGraw-Hill Professional, New York
(2009).

S. Wray et al., “Characterization of the near infrared absorption spectra of cytochrome aa3 and haemoglobin
for the non-invasive monitoring of cerebral oxygenation,” Biochim. Biophys. Acta 933(1), 184-192 (1988).
S. Prahl, “Optical absorption of hemoglobin,” 1999, https://omlc.org/spectra/hemoglobin/ (accessed 28 May
2025).

B. W. Pogue and M. S. Patterson, “Review of tissue simulating phantoms for optical spectroscopy, imaging
and dosimetry,” J. Biomed. Opt. 11(4), 041102 (2006).

A. Jelzow et al., “Separation of superficial and cerebral hemodynamics using a single distance time-domain
NIRS measurement,” Biomed. Opt. Express 5(5), 1465-1482 (2014).

T. Funane et al., “Dynamic phantom with two stage-driven absorbers for mimicking hemoglobin changes
in superficial and deep tissues,” J. Biomed. Opt. 17(4), 047001 (2012).

H. Kawaguchi, Y. Tanikawa, and T. Yamada, “Design and fabrication of a multi-layered solid dynamic phan-
tom: validation platform on methods for reducing scalp-hemodynamic effect from fNIRS signal,” Proc SPIE
10059, 1005925 (2017).

Y. Tanikawa et al., “Design and fabrication of a solid simplified head phantom,” Proc. SPIE 2979, 429-436
(1997).

Y. Tanikawa et al., “Fabrication of realistic and dynamic human head phantoms,” JSME Int. J. Ser. C Mech.
Syst., Mach. Elements Manuf. 42(3), 487-491 (1999).

R. L. Barbour et al., “A programmable laboratory testbed in support of evaluation of functional brain acti-
vation and connectivity,” I[EEE Trans. Neural Syst. Rehabil. Eng. 20(2), 170-183 (2012).

F. Martelli et al., “Phantoms for diffuse optical imaging based on totally absorbing objects, part 1: basic
concepts,” J. Biomed. Opt. 18(6), 066014 (2013).

F. Martelli et al., “Phantoms for diffuse optical imaging based on totally absorbing objects, part 2: exper-
imental implementation,” J. Biomed. Opt. 19(7), 076011 (2014).

H. Wabnitz et al., “Performance assessment of time-domain optical brain imagers, part 2: nEUROPt
protocol,” J. Biomed. Opt. 19(8), 086012 (2014).

A. Pifferi et al., “Mechanically switchable solid inhomogeneous phantom for performance tests in diffuse
imaging and spectroscopy,” J. Biomed. Opt. 20(12), 121304 (2015).

P. Lanka et al., “Multi-laboratory performance assessment of diffuse optics instruments: the BitMap exer-
cise,” J. Biomed. Opt. 27(7), 074716 (2022).

Y. Zhao et al., “Optimal hemoglobin extinction coefficient data set for near-infrared spectroscopy,” Biomed.
Opt. Express 8(11), 5151-5159, (2017).

Hiroshi Kawaguchi is a senior research scientist at the Human Informatics and Interaction
Research Institute, National Institute of Advanced Industrial Science and Technology (AIST),
Japan. He received his PhD in engineering from Keio University in Japan in 2007. His current
research interests include the development of human neuroimaging techniques, such as near-
infrared spectroscopy and diffuse optical tomography. He was the project leader for the second
revision of the international standard IEC 80601-2-71.

Neurophotonics 045010-18 Oct-Dec 2025 ¢ Vol. 12(4)


https://doi.org/10.1093/pm/pnaa453
https://doi.org/10.1117/1.NPh.10.2.023514
https://doi.org/10.1016/j.jpsychires.2020.02.017
https://doi.org/10.1016/j.neuroimage.2013.05.126
https://doi.org/10.1364/BOE.531664
https://doi.org/10.1088/0031-9155/39/9/015
https://doi.org/10.1117/12.2209038
https://doi.org/10.1016/0005-2728(88)90069-2
https://omlc.org/spectra/hemoglobin/
https://omlc.org/spectra/hemoglobin/
https://doi.org/10.1117/1.2335429
https://doi.org/10.1364/BOE.5.001465
https://doi.org/10.1117/1.JBO.17.4.047001
https://doi.org/10.1117/12.2250485
https://doi.org/10.1117/12.280275
https://doi.org/10.1299/jsmec.42.487
https://doi.org/10.1299/jsmec.42.487
https://doi.org/10.1109/TNSRE.2012.2185514
https://doi.org/10.1117/1.JBO.18.6.066014
https://doi.org/10.1117/1.JBO.19.7.076011
https://doi.org/10.1117/1.JBO.19.8.086012
https://doi.org/10.1117/1.JBO.20.12.121304
https://doi.org/10.1117/1.JBO.27.7.074716
https://doi.org/10.1364/BOE.8.005151
https://doi.org/10.1364/BOE.8.005151

Kawaguchi et al.: Phantom for standardization in functional mear-infrared. ..

Yukari Tanikawa is the Deputy Director of the Innovative Human Resources Department and
concurrently serves at the Intelligent Systems Research Institute at the National Institute of
Advanced Industrial Science and Technology (AIST), Japan. She received her PhD in engineer-
ing from the University of Electro-Communications, Japan. Her work focuses on the develop-
ment of human resources in science and engineering, as well as promoting research on individual
well-being in the workplace.

Toru Yamada received his PhD in physics from the University of Tsukuba, Japan, in 1991.
He began working at the Electrotechnical Laboratory in Japan in 1992 and retired from his
position as a senior research scientist at AIST, Japan, in 2023. He has been a technical staff
member of AIST and a non-full-time researcher at the University of Tsukuba since 2023.
His interests are developments in optical and data-analytical methods for brain functional
measurement.

Marianne Floor-Westerdijk is CEO at Artinis Medical Systems, a Netherlands-based
leader in innovative solutions for near-infrared spectroscopy (NIRS) and electrophysiology
(ExG). She has a background in R&D and biomedical engineering, with degrees from the
University of Twente. At Artinis, she drives innovation in wearable brain and muscle
monitoring technologies used worldwide in research and clinical applications. Her work
focuses on combining science, usability, and scalable impact in neurophysiological measurement
tools.

Miriam van der Hoek is an MSc biomedical engineer working at Artinis Medical Systems.
She studied biomedical engineering at the University of Twente, specializing in imaging and
in vitro diagnostics. Her master’s thesis focused on Diffuse Optical Spectroscopic Imaging of
the lactating breast. For the past 4 years, she has worked in the R&D Department at Artinis,
where she investigates NIRS-related questions in her role as a biomedical engineer and also
serves as a project lead.

Lin Yang received his PhD in physics from Technische Universitit Berlin and worked as a senior
scientist in diffuse optics and fNIRS at NIRx Medizintechnik and Physikalisch-Technische
Bundesanstalt (PTB), Germany. His current research focuses are wearable and noninvasive
brain-computer interface techniques and their applications on brain health, based on pulse laser,
time-correlated single-photon counting detection, and Monte-Carlo simulation.

Alexander von Lithmann heads the Intelligent Biomedical Sensing Lab at TU Berlin and
BIFOLD. He is a visiting researcher at Boston University’s Neurophotonics Center and Lead
Technology Advisor at NIRx Medical Technologies, having served as its CSO and R&D Director
for 2.5 years. He sits on the STNIRS board, co-chairs its standardization committee, and con-
tributes to the ISO/DIN fNIRS standard. His research advances multimodal fNIRS and DOT with
machine learning for wearable everyday neuroscience.

Patrick Britz is the chief executive officer of NIRx Medizintechnik GmbH and Photon
Migration Technologies. He received his PhD in cognitive neuroscience for research combining
EEG and fMRI. With over 20 years of experience in neuroimaging, he has held roles in research,
scientific support, and commercial leadership. Britz focuses on advancing fNIRS technologies
and has contributed to the global adoption of noninvasive brain imaging tools across academic
and applied neuroscience domains.

David R. Busch is an assistant professor in the Departments of Anesthesiology and Pain
Management, Biomedical Engineering, and Neurology at the University of Texas Southwestern
Medical Center. His work focuses on developing non- and minimally invasive optical tools to
monitor deep tissues in health and disease, as well as throughout therapy.

Alessandro Torricelli is a full-time professor in the Department of Physics, Politecnico di
Milano, Italy. He received his MS degree in electronic engineering from Politecnico di Milano
in 1994, and his PhD in physics from Politecnico di Torino, Italy, in 1999. He is the author of
more than 200 papers in international peer-reviewed journals. His current research interests
include photon migration in diffusive media, functional near-infrared spectroscopy, and noninva-
sive diffuse spectroscopy with time-domain systems.

Neurophotonics 045010-19 Oct-Dec 2025 e Vol. 12(4)



Kawaguchi et al.: Phantom for standardization in functional near-infrared:. .

Antonio Pifferi is a professor of physics at Politecnico di Milano, Department of Physics, and
Director of the “Center for Ultrafast Science and Biomedical Optics” (CUSBO). His research
activity is focused on the study of photon propagation through diffusive media (diffuse optics)
using time-resolved techniques. Diffuse optics has been explored vertically—from basic
research up to exploitation of new application directions—and horizontally—covering diverse
applications, including optical mammography, functional brain imaging, food analysis, and
wood optics.

Dirk Grosenick heads the working group Optical Medical Imaging and Cytometry at the
German National Metrology Institute PTB. He received his PhD in physics from Humboldt
University of Berlin, Germany, in 1994. His research interests in near-infrared spectroscopy
include the development of time-resolved, spatially resolved, and continuous wave methods for
accurate measurement of tissue optical properties and for fluorescence imaging, related models
of diffuse light propagation, and the design and characterization of tissue-simulating phantoms.

Heidrun Wabnitz received her PhD from Friedrich Schiller University in Jena in 1982 and
continued her research in molecular spectroscopy and laser scanning microscopy. She joined
Physikalisch-Technische Bundesanstalt (PTB) in Berlin in 1991 and focused on optical mam-
mography and optical brain imaging. Her activities in these fields of diffuse optical imaging and
spectroscopy included the development of time-domain instrumentation, modeling, and data
analysis, clinical applications, performance characterization of instruments, and standardization.

Neurophotonics 045010-20 Oct-Dec 2025 ¢ Vol. 12(4)



