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fNIRS	Datasets:	Two	previous	infant	studies	

Dataset	 #1:	 n=19	 infants,	 passively	
observing	 two	 single	 sensory	 modality	
s5mulus	types	
Visual:	a	cartoon	smiley	face	
Auditory:	a	toy	sound	(raale	or	honk)	
Source:	Emberson	et	al.,	2015	

Dataset	 #2:	 n=18	 infants,	 passively	
observing	 two	 mul5-sensory	 s5mulus	
types	
AV-1:	music	and	a	photographic	face	
AV-2:	a	spoken	word	and	fireworks	
Source:	Emberson	et	al.,	under	review	

Trial-Level	Decoding	
For	 each	 infant,	 we	 examine	 each	
trial	 one-at-a-5me	 to	 see	which	 of	
the	two	mul5channel	paaerns	from	
the	group	model	is	the	best	fit:	

vs.	

Equa1on	 2:	 Mul5channel	 paaerns	 are	 averaged	 across	 trials	 (within	
condi5on)	for	each	infant.	For	example,	given	r	trials	in	Condi5on	A:	

These	 infant-level	 condi5on	
paaerns	 are	 then	 averaged	
across	 infants	 to	 produce	 a	
Group	Model.		
	
One	infant	 is	excluded	from	the	
group	to	serve	as	a	Test	Infant	
	
This	procedure	is	repeated	once	
for	 each	 infant	 to	 serve	 as	 test	
infant	(n-fold	cross	valida5on).	

Mul3channel	Pa5ern	Analysis	
Equa1on	1:	Each	channel	is	represented	by	
the	 average	 %	 change	 in	 oxygenated	
hemoglobin	(HbO)	in	a	given	5me	window.	
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Group Model Construction & Decoding Tests 

(A) Creating a Multichannel Pattern 
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Infant 1, Channel 1, Trial 2 

 HbO (observed) 
 mean HbO = 0.036 

x1 = 0.036 

Multichannel pattern for Trial 2  
xInfant1,Trial 2 

Equation 2 

Chan 1!

(B) Leave One Infant Out to Create Group Model (C) Trial-Level Decoding 

xTest,UNL 

In this iteration, Infant 3 is the test infant  
xInfant3, CondA becomes  xTest,UNLabelled 

Group ModelCondA= Average of infant-level patterns 
Condition A except the test infant (to be decoded) 
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xGroup,CondA 

xInfant1,CondA 
xInfant2,Cond A 

xInfantn,CondA xTest, UNL xGroup,CondA 

A trial from the test infant is correlated with 
both conditions in the Group Model. 
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vs. 

Equation 5 

average 

(D) Infant-Level Decoding 
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The test infant’s infant-level patterns are correlated with each permutation of the Group Model. 
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Equation 1 

Chan 10!

Chan 2!
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The condition with the highest correlation is 
the label decoded by the Group Model. 

Equation 4 

The permutation with the highest summed correlations are the labels decoded by the Group Model. 

xTest,UNL2 xGroup,CondB xTest,UNL1 xGroup,CondB xTest,UNL2 xGroup,CondA 

xTest,UNL xGroup,CondB 

Infant-Level	Decoding	

vs.	

For	each	infant,	we	test	which	permuta5on	of	the	two	condi5on	labels	
best	matches	the	two	mul5channel	paaerns	from	the	group	model	

Dataset	#1:	Visual	vs.	Auditory	modality	

Both	infant-	and	trial-level	decoding	were	significantly	above	chance.	

Dataset	#2:	Integrated	Audiovisual	modali3es	

Infant-level	decoding	was	 significantly	above	chance.	Trial-level	decoding	
was	above	chance	in	one	condi5on,	but	only	marginal	in	the	other.	
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Are	all	10	channels	necessary	for	accurate	decoding?	
We	repeat	the	MCPA	procedure	for	 infant-level	decoding	with	subsets	of	
channels	(e.g.,	decoding	with	only	5	channels	at	a	5me	instead	of	all	10).	
	
For	each	subset	size,	there	are	10-pick-k	(10Ck)	combina5ons	of	k	channels.	
Infant-level	 decoding	 accuracy	 for	 each	 subset	 is	 computed	 and	 the	 box	
and	 whisker	 plots	 show	 decoding	 accuracy	 for	 every	 combina5on	 of	
channels	within	each	subset	size	(along	the	horizontal-axis).	

Average	 decoding	 performance	 improves	 in	 both	 datasets	 with	 the	
inclusion	of	more	channels.	However,	even	rela5vely	small	subsets	(e.g.,	3	
or	4	channels)	have	some	combina5ons	that	decode	with	high	accuracy.	
	
In	 the	 next	 sec5on,	 we	 ask	 which	 channels	 provide	 the	 best	 decoding	
performance	 across	 many	 combina5ons	 and	 subset	 sizes.	 The	
performance	of	the	Top	3	channels	taken	together	is	shown	in	this	figure.	

Comparison	with	Univariate	Analysis	
Univariate	analyses	were	performed	on	each	dataset	(see	Emberson	et	al.,	
2015	and	Emberson	et	al.,	under	review	for	details).		
	
In	Dataset	#1,	 channels	which	produced	 significant	univariate	 results	 are	
circled	 in	 orange.	 These	 channels	 differ	 from	 the	 Top	 3	 channels	 in	 the	
MCPA	analyses.	

In	Dataset	#2,	none	of	the	channels	survived	the	univariate	analysis	ager	
correc5on	for	mul5ple	comparisons.	

Func3onal	Near	Infrared	Spectroscopy	(fNIRS)	

A.		fNIRS	is	silent	and	robust	to	mo5on,	suitable	for	infant	research.	
B.	 fNIRS	 device	 requires	 no	 special	 environment	 or	 safety	 precau5ons	

(unlike	MRI)	and	can	be	highly	portable	(for	some	hardware).	
C.		fNIRS	measures	the	scaaer	of	infrared	light	from	one	site	on	the	scalp	

(source),	through	cor5cal	5ssue,	to	another	nearby	site	(detector).	
D.	 Spa5al	 specificity	allows	MRI-like	 cor5cal	 localiza5on	of	 signal,	 albeit	

at	lower	spa5al	resolu5on	and	without	access	to	deep	brain	5ssues.	
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Fig. 1. The molar extinction coefficients of oxyHb and deoxyHb for dif-
ferent wavelength. The spectrum of visible light is overlaid on the x-axis.
The black square indicates the region of the spectrum that is relevant for
NIRS with the isosbestic point of oxyHb and deoxyHb.

media and G is the scatter. Using CW techniques, these two
factors cannot be measured directly (although satisfactory
estimates of the DPF exist). As a consequence, absolute val-
ues for the concentrations of oxyHb and deoxyHb cannot
be obtained. However, the scatter is constant and can thus
be eliminated when changes in the concentration of oxyHb
and deoxyHb are calculated:

!A = ((!coxy × ε#oxy ) + (!cdeoxy × ε#deoxy
)) × l × DPF (3)

If two wavelengths are used, yielding two equations,
then the relative concentrations of oxyHb and deoxyHb
(!coxy and !cdeoxy, respectively) can be calculated from
the change in absorbance (!A). The molar extinction coef-
ficients of oxyHb and deoxyHb are shown in Fig. 1.

The red and near-infrared range of the spectrum, encir-
cled in Fig. 1, contains the most adequate wavelengths for
the optical imaging of biological media, because interven-
ing tissues (e.g. skin, bone) are transparent to light at these
wavelengths. This can easily be observed when light shines
through one’s fingertips or earlobes: the tissue becomes
transparent, with an orange glow, and the larger blood ves-
sels are clearly visible. At lower wavelengths, hemoglobin,
and at higher wavelengths, water, absorb too much light
for tissues to be transparent. However, finding the two
wavelengths that provide the strongest signal is challeng-
ing even within the near-infrared (NIR) range. We discuss
some related technical issues and the search for optimal
wavelengths conducted at various McDonnell labs in Sec-
tion 3.

Another important factor in the equation for relative
change (3) is the distance that the light travels in the
medium. As mentioned before, the CW technique cannot
directly measure the DPF, although estimates exist for the
newborn and infant brain (Duncan et al., 1996; Wyatt et al.,
1990). In addition, the distance that the light travels in the
brain depends on l, which, in the case of NIRS applied to the
human brain, corresponds to the separation between the
light source and the light detector locations on the surface
of the scalp. Before the 1990s, NIRS systems usually applied

Fig. 2. The trajectory of NIR light in the human brain at different
source–detector separations in optical topography systems.

one source and one detector, or optode, pair constituting
one measurement channel. Since then, multichannel sys-
tems have appeared using several sources and detectors,
which are positioned at equal distances in some systems
and at different distances in others.

The availability of multiple channels has given rise
to two distinct types of techniques: optical topography
and optical tomography. The former provides a two-
dimensional sampling from the surface of the cortex,
whereas the latter allows a three-dimensional reconstruc-
tion of the hemodynamic signals from the brain.

In topography systems, the coupled sources and detec-
tors forming channels are located at a distance of a few
centimeters from one another and the light travels through
a banana-shaped trajectory from the source to the detec-
tor (Fig. 2), penetrating the surface of the cortex. The
source–detector separation is an important parameter of
NIRS systems, as it determines the depth of penetration, as
well as the spatial resolution. Larger separations sample
from areas deeper in the cortex (the arc of the banana-
shape samples from is larger), providing more information
about neural activity, but at the same time, they decrease
the spatial resolution of the measurements.2 In newborns,
whose surface tissues are thin, NIR light typically pene-
trates about 30 mm deep into the head (measured from
the scalp surface), thus 10–15 mm into the cortex at a
source–detector separation of 3 cm, whereas in adults, the
penetration into the cortex is only about 3–5 mm deep
with the same separation (see our Consortium’s extensive
empirical research on the optimal source–detector separa-
tion in Section 3).

In tomography systems, a dense array of sources and
detectors is placed around the whole head in order to
generate a cross-sectional, 3D reconstruction of the brain
using complex mathematical algorithms. This technique
is mostly used in clinical applications with newborns
(Hebden et al., 2002; Hebden et al., 2004), as head size and
tissue thickness attenuate light too much in children and

2 In principle, one could interleave pairs of optodes to increase spatial
resolution, but in practice this is not feasible with CW systems because the
emitter whose light is intended for a detector 3 cm away would saturate
the nearby detector that was paired with another more distant emitter.
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Figure 2
Illustration of the spatial locations sampled by a single NIRS channel (source-detector pair). (a) Top:
Cross-section of the brain with a color-coded probability map of how photons move through a banana-
shaped pathway from a source (emitter) to a detector location. Brighter colors indicate a higher relative
probability of sampling that spatial location for this NIRS channel. Bottom: A possible path of a single
photon going from the emitter to the detector as it dips to a specific point in the brain and returns to the
surface. (b) Given the relatively large spatial extent of a single channel and variability in head size and probe
placement across a population, this panel illustrates the spatial extent of recordings from a single NIRS
channel in a sample of 6-month-old infants when coregistered to a standard brain template. Colors indicate
the likelihood of sampling different brain regions. Brighter colors indicate greater representation of this
region for the population. Panel a from Strangman et al. (2013), adapted with permission; panel b courtesy of
Lauren Emberson, John Richards, and Richard Aslin.

BOLD: blood
oxygen-level-
dependent
response

pulses in a static magnetic field to record what is called the blood-oxygen-level-dependent (BOLD)
response that varies with fluctuations in local concentrations of deOxy-Hb. By contrast, fNIRS
simultaneously records changes in both Oxy-Hb and deOxy-Hb by employing two wavelengths of
near-infrared light (e.g., 690 nm and 830 nm), which span the crossover point in their respective
absorbance spectra.

While the spatial resolution of fMRI varies with the strength of the static magnetic field (B0; e.g.,
1.5T, 3T, or 7T) and the specific scanning parameters, the typical fMRI voxel size of 3 mm3 is well
matched to the resolution of the hemodynamic response itself. In contrast, current fNIRS systems
have a much coarser spatial resolution. As shown in Figure 2, near-infrared light is delivered to
the surface of the scalp via optical fibers (emitters). Surrounding each emitter are one or more
optical fibers (detectors) that collect a small fraction of the photons that return to the surface of
the scalp after passing through various layers of neural tissue between the emitter and the detector.
Each pair of optical fibers that link an emitter and a detector is referred to as a fNIRS channel
and samples the underlying tissue from which the hemodynamic response is being recorded.
Photons leaving the emitter and reaching the detector are primarily absorbed in the surface layers
above the cortex, including the scalp, skull, cerebral-spinal fluid, and surface vasculature (see
Figure 2). The remaining photons travel along a banana-shaped trajectory that dips into the
underlying cortex. The distance between the emitter and detector determines the lowest point of
the banana-shaped trajectory; the greater the separation between the two, the deeper the trajectory
through the cortex. However, greater separation also leads to greater attenuation of the signal.
Current systems typically employ emitter-detector separations of 2–3 cm, which optimize cortical
sampling and signal strength. However, photons must necessarily enter and exit the brain through
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•  Neuroimaging	 method	 that	 measures	 hemodynamic	 changes	 over	
5me	(%	change	in	blood	oxygena5on),	analogous	to	func5onal	MRI.	

•  Lower	 resolu5on	 than	 fMRI	 (~3	 cm	 diameter	 channels),	 but	 higher	
spa5al	specificity	than	EEG	(no	conduc5on	of	signal	over	the	scalp).	

•  We	demonstrate	significant	decoding	of	the	infant	brain	using	fNIRS.	
•  Subset	analyses	show:	
•  benefits	of	a	greater	number	of	channels	(mul5variate	aspect)		
•  differen5al	informa5veness	of	each	channel	(spa5al	aspect)	

•  New	 ques5ons	 that	 can	 now	 be	 answered	 which	 were	 previously	
inaccessible	to	univariate	fNIRS	or	mul5variate	fMRI	

	
All	code	to	perform	2-condi3on	MCPA	is	publicly	available	here:	

Mul3voxel	pa5ern	analysis	&	Neural	decoding	
•  Mul5voxel	paaern	analysis	(MVPA)	asks	whether	the	paFern	of	BOLD	

signals	can	discriminate	between	condi5ons.		
•  MVPA	shigs	the	focus	from	mean	ac5va5on	differences	in	a	region	to	

the	informa5on	contained	within	paaerns	of	brain	ac5vity.	
•  Mul5channel	paaern	analysis	applies	the	same	mul5variate	principles	

as	MVPA	to	 fNIRS	data	 to	broaden	applica5on	 to	 infants,	paradigms	
requiring	movement,	and	other	studies	outside	the	MRI	environment.	

Are	all	channels	equally	informa3ve?	
Each	 channel	 can	 be	 evaluated	 by	 its	 average	 performance	 across	 all	
subsets	of	a	given	size:	

Dataset	#1:	Channels	1,	3,	and	8	show	best	average	performance	
Dataset	#2:	Channels	1,	2,	and	9	show	best	average	performance	
	
For	each	dataset,	 these	channels	create	a	paaern	with	a	subset	size	k=3,	
and	 decoding	 accuracy	 is	 equal	 to	 the	 decoding	 accuracy	 for	 all	 10	
channels	(see	subset	size	figure	to	the	leg).	
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Dataset	#1:		
Visual	vs.	Auditory	
Dataset	#2:	
Audiovisual	1	and	2	

http://teammcpa.github.io/EmbersonZinszerMCPA/ 


