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ARTICLE INFO ABSTRACT

Keywords: Touch is an important component of early parent-child interaction and plays a critical role in the socio-emotional
Affective touch development of children. However, there are limited studies on touch processing amongst children in the age
Child range from one to three years. The present study used frequency-domain diffuse optical tomography (DOT) to
Eles‘l’jlaol’mem investigate the processing of affective and non-affective touch over left frontotemporal brain areas contralateral

to the stimulated forearm in two-year-old children. Affective touch was administered by a single stroke with a
soft brush over the child’s right dorsal forearm at 3 cm/s, while non-affective touch was provided by multiple
brush strokes at 30 cm/s. We found that in the insula, the total haemoglobin (HbT) response to slow brushing
was significantly greater than the response to fast brushing (slow > fast). Additionally, a region in the postcentral
gyrus, Rolandic operculum and superior temporal gyrus exhibited greater response to fast brushing than slow
brushing (fast > slow). These findings confirm that an adult-like pattern of haemodynamic responses to affective
and non-affective touch can be recorded in two-year-old subjects using DOT. To improve the accuracy of mod-
elling light transport in the two-year-old subjects, we used a published age-appropriate atlas and deformed it to
match the exterior shape of each subject’s head. We estimated the combined scalp and skull, and grey matter
(GM) optical properties by fitting simulated data to calibrated and coupling error corrected phase and amplitude
measurements. By utilizing a two-compartment cerebrospinal fluid (CSF) model, the accuracy of estimation of
GM optical properties and the localization of activation in the insula was improved. The techniques presented in
this paper can be used to study neural development of children at different ages and illustrate that the technol-
ogy is well-tolerated by most two-year-old children and not excessively sensitive to subject movement. The study
points the way towards exciting possibilities in functional imaging of deeper functional areas near sulci in small
children.

Diffuse optical tomography
Optical properties

1. Introduction Dunbar, 2010; McGlone et al., 2014; Davidovic et al., 2016). Mater-

nal affectionate touch is akin to the licking and grooming behaviour

Touch is one of our first senses to develop (Gottlieb et al., 1971)
and plays a crucial role in our development and emotional well-being
(Gallace and Spence, 2010). Gentle touch and caressing form a very im-
portant component of early parent-child interaction, especially in social
bonding and secure attachment during the early years (Harlow, 1958;

seen in most mammals (Feldman et al., 2010), and animal studies have
indicated that it helps infants’ stress regulation (Champagne, 2008;
Hofer, 1995; Meaney, 2001). Correspondingly, according to studies in
humans, maternal affectionate touch attenuates infants’ physiological
reactivity to stress and contributes to their neurobehavioral, cogni-

Abbreviations: DOT, diffuse optical tomography; CT, C-tactile; FD, frequency-domain; TD, time-domain; CW, continuous-wave; SDS, source-detector separation;
TTL, transistor-transistor logic; SRE, surface registration error; PMT, photomultiplier tube; AAL, automated anatomical labelling; SS, scalp and skull; CSF, cerebrospinal

fluid; GM, grey matter; WM, white matter; MWF, myelin-to-water fraction.
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tive, and social-emotional growth (Feldman and Eidelman, 2003, 2004;
Feldman et al., 2010). Also, paternal skin-to-skin contact has been asso-
ciated with improved bio-physiological markers in infants, such as res-
piration, oxygenation, glucose levels, and cortisol (Bauer et al., 1996;
Christensson, 1996; Morelius et al., 2015; Shorey et al., 2016), as well
as better behavioural responses, such as less crying, better vocal inter-
actions, and being relaxed (Erlandsson et al., 2007; Shorey et al., 2016;
Velandia et al., 2012).

Mechanoreceptive properties of touch are thought to be carried out
principally by two pathways within the peripheral nervous system:
rapidly conducting, large, myelinated Ap afferent fibres (afferents) re-
lay non-affective or discriminative touch, while slowly-conducting, thin,
unmyelinated C-tactile (CT) afferent fibres relay affective or emotional
touch (Bessou et al., 1971; Bjornsdotter et al., 2010; McGlone et al.,
2014; Morrison, 2016; Olausson et al., 2010). CT afferents have been
found on the face (Nordin, 1990) and in hairy skin such as in the fore-
arm, in humans (Loken et al., 2009; McGlone et al., 2014; Vallbo et al.,
1993, 1999). CT afferents have been reported to respond maximally to
slow stroking at the speed of 1-10 cm/s which has been rated by adult
human subjects as the most pleasant (Loken et al., 2009; Ackerley et al.,
2014a). In contrast, brushing at a speed of 30 cm/s mainly activates
myelinated afferents and is not perceived as pleasant (Loken et al.,
2009). Affective touch has been reported to cause heart rate deceler-
ation which is indicative of decreased arousal, increased behavioural
engagement and interest in the stroking brush, in nine-month-old in-
fants (Fairhurst et al., 2014). Pawling et al. reported significantly greater
activation of the zygomaticus major (smiling muscle) in response to
CT-optimal stroking (3 cm/s) on the forearm than the palm or CT-
non-optimal stroking (30 cm/s) to the forearm or palm. These results
provided the first empirical behavioural evidence in humans that CT-
optimal touch carries a positive affective valence that can be measured
implicitly (Pawling et al., 2017). Furthermore, touch on the hairy skin
of the forearm has been seen to have a greater affective value than touch
on the glabrous skin of the palm (Olausson et al., 2010; McGlone et al.,
2012; Ackerley et al., 2014b; Pawling et al., 2017).

Olausson et al. used functional magnetic resonance imaging (fMRI)
to study two patients who had intact CT afferent pathways but lacked
functioning Ap afferent pathways and discovered activation in the in-
sula and deactivation in the primary somatosensory cortex (S1) in re-
sponse to CT-optimal touch in these subjects (Olausson et al., 2002;
Olausson et al., 2008). In healthy subjects, several additional brain ar-
eas are involved in processing of CT-optimal touch: the secondary so-
matosensory cortex (S2), superior temporal sulcus (STS), middle tem-
poral gyrus (MTG), insular operculum, temporoparietal junction, me-
dial prefrontal cortex, anterior cingulate cortex (ACC), amygdala, in-
ferior frontal gyrus (IFG), and orbitofrontal cortex (Olausson et al.,
2002; Lindgren et al., 2012; Gordon et al., 2013; Voos et al., 2013;
Bjornsdotter et al., 2014; Bennett et al., 2014; Kaiser et al., 2016;
Sailer et al., 2016; Jonsson et al., 2018; Pirazzoli et al.,, 2019;
Tuulari et al., 2019).

Given the importance of affective touch in forming social bonds, af-
fective touch processing has been increasingly studied in infants and
adults. Brain responses to affective touch have been observed in infants
as early as 11-36 days after birth (Tuulari et al., 2019). Bjornsdotter
et al. studied affective touch responses in adult-defined regions of inter-
est (S1, S2, insula and posterior STS) using fMRI in healthy 5-13-year-
old children, adolescents (14-17 years of age) and adults (25-35 years
of age), finding similar activation in all age groups (Bjornsdotter et al.,
2014). In this study, we aim to bridge the gap in studies of affective
touch processing between infants and 5-year-olds by imaging children
at the challenging age of two years.

Near-infrared spectroscopy (NIRS) is well-suited for imaging infants
and children (e.g., Lloyd-Fox et al., 2010; Maria et al., 2020) as it is re-
garded less sensitive to movement than fMRI or electroencephalography
(EEG) and allows imaging in a more naturalistic environment where the
child can interact socially and be in the presence of a parent or sibling
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(Maria et al., 2018). Diffuse optical tomography (DOT) is based on the
physical principle of NIRS extended into 3D imaging with several par-
tially overlapping measurements and model-based image reconstruction
(Arridge, 1999; Gibson et al., 2006; Zeff et al., 2007; Heiskala et al.,
2009a; Liao et al., 2012; Jonsson et al., 2018). DOT is primarily a func-
tional imaging modality where the most prominent physiological con-
trast arises from the absorption of light by oxygenated and deoxygenated
haemoglobin. However, the light transport and reconstructed images are
sensitive to the optical properties of the underlying tissue, and greater
accuracy can be obtained if the shape, structure and optical properties of
the underlying tissue are known (Heiskala et al., 2009a; Heiskala et al.,
2009b) or can be estimated from the data. DOT instruments can be di-
vided into three categories: continuous-wave (CW) systems typically use
millisecond pulses and/or intermediate frequency (~ kHz) modulated
light source and record the intensity of the detected light or the mod-
ulation amplitude (Zeff et al., 2007). Time-domain (TD) systems use
picosecond pulses of light and record the time-of-flight distribution of
the detected photons (Schmidt, 2000). Frequency-domain (FD) systems
use radiofrequency intensity-modulated light and measure the phase
shift and amplitude of the detected photon density wave (Boas, 1996;
Chance, 1998). TD and FD data types can be used to distinguish between
the effects of scattering and absorption and estimate the baseline opti-
cal properties of the tissue in conjunction with prior information. CW
devices are the most common due to their lower cost and complexity,
compactness, and greater signal-to-noise ratio (SNR) at short to medium
source—detector separations (SDSs). However, at longer SDSs, photomul-
tiplier tube (PMT) detectors commonly used in TD and FD systems have
the SNR advantage (Nissilda 2004; Nissild et al., 2005b). As we seek to
image regions deeper than the outer surface of the cortex, the accurate
modelling of light transport in the tissue and SNR at long SDSs become
increasingly important.

Previous studies on touch with fNIRS or DOT in children have tar-
geted infants; Gibson et al. (2006) studied passive motor responses
in very preterm infants using whole-head time-resolved 3D DOT. In
Jonsson et al. (2018), we studied the affective and non-affective touch
processing in two-month-old infants using DOT and found the statisti-
cally most differentiating area between affective and non-affective touch
within the field of view of the study to be in the insula. Pirazzoli et al.
did not find significant differences in responses to affective and non-
affective touch in 5-month-old infants with fNIRS (Pirazzoli et al., 2019).

In the present study, we used intensity-modulated (FD) DOT (Nissild
et al., 2005a) with a high-density probe to study affective and non-
affective touch processing in the left frontotemporal brain areas of two-
year-old children. High-density optode arrangements with many par-
tially overlapping measurements improve image quality and reduce
inter-subject variability arising in sparse arrangements from slight vari-
ations in the positioning of individual optodes relative to the location
of activity (Zeff et al., 2007; Heiskala et al., 2009a). The left hemi-
sphere (LHS) was chosen for imaging since the brain—scalp distances re-
ported by Beauchamp et al. (2011) in 18-month to 5-year-old children
are shorter, on average, in the LHS than the right hemisphere (RHS)
which is expected to lead to a slightly higher measurement sensitivity
and increased contrast for cortical hemodynamic changes in the LHS.
Regions within the field-of-view (FOV) include the areas which are most
likely activated by affective and discriminative touch in fMRI studies,
including the insula, S1, and S2 contralateral to the stimulated forearm
(Morrison, 2016; Perini et al., 2015; Olausson et al., 2002; Gordon et al.,
2013). Since subject-specific anatomical MR images were not available,
we used a published age-appropriate atlas template (Shi et al., 2011)
and deformed it to match the shape of each subject’s head based on
photogrammetry. Given the lack of published data on optical proper-
ties in two-year-olds, we elected to use literature (adult) optical prop-
erty values for the cerebrospinal fluid (CSF) and white matter (WM)
and obtained estimates for the optical properties of the combined scalp
and skull compartment and the grey matter (GM) by fitting the forward
model predictions to match measured and calibrated phase and log am-
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Fig. 1. Overview of the data flow from the mea-
surement session via the anatomical and functional
pipelines to the group-level statistical analysis and vi-
sualization of the results. AAL = automated anatomical
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plitude data in a least-squares sense. This allowed us to fine-tune our
model to the subject population, achieving more accurate modelling of
light transport in the tissue and improving the accuracy of the functional
imaging as well.

For two-year olds, our main hypotheses are that the insula as the pri-
mary cortical target of CT afferent fibres is activated to affective touch
more than non-affective touch, whereas the primary somatosensory cor-
tex is likely to be activated to a greater degree to non-affective touch
than affective touch due to our implementation of non-affective touch
consisting of multiple fast brush strokes.

2. Materials and methods

The study was approved by the Ethics Committee of the Hospital
District of Southwest Finland and was conducted in accordance with
the Declaration of Helsinki (decision ETMK 31,/180/2011 § 534 Nov
17, 2015). An overview of the measurements and data analysis is given
as a flow chart in Fig. 1 and a detailed description of the pipeline is
given below.

2.1. Study participants

25 two-year-old children (12 girls and 13 boys) from the FinnBrain
Birth Cohort Study (Karlsson et al., 2018) participated in this experi-
ment. Families in which children were born between January and April
2014 were randomly selected and recruited through a personal phone
call by a research nurse. Additional inclusion criteria were children born

Anatomical
data path

b o o o e e e e e e e e e e e =

Visualization
of results

full-term (36-42 weeks of gestation) with the mother having no his-
tory of neurological, medical or psychiatric disorders. The participant
families were given oral and written information about the study prior
to the measurements. The parents gave written informed consent on
behalf of their child. All the families were Finnish. The mothers were
non-smoking and the maternal prenatal monthly income averaged be-
tween 2000 and 2500 euros, which could be considered as middle-class
income in Finland (Statistics Finland, 2017). Out of the 25 measure-
ments, 9 measurements were unsuccessful either because the parent or
one of the experimenters stopped the experiment if the child got restless
(N = 2), there was extensive jaw movement (N = 1) or we got insufficient
data for analysis for technical reasons (N = 6). Thus, the final sample
consisted of 16 children (8 girls and 8 boys). Table 1 shows descriptive
statistics of the children included in this study.

2.2. Measurement session

The measurements were carried out in a room with dimmed ambient
lighting in the afternoon (noon to 6 p.m.). This time range was provided
as convenient for the families so that they could incorporate the mea-
surements into family routines such as nap times and eating. Prior to the
neuroimaging session, the child and parent were given some time to fa-
miliarize themselves with the scanning environment. The child was en-
couraged to play for some time (typically about 10 min) until they were
calm and comfortable with the surroundings and the experimenters.

During the session, the parent was asked to sit on a comfortable chair
holding the child on their lap (Fig. 2a) and not to talk to the child un-
necessarily. The child was presented videos of a pre-selected neutral
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Table 1
Descriptive Statistics of Children in the study (N = 16).
Characteristic Median Range
Age at measurement calculated from term (days / years) 756 / 2.1 708-800 / 1.9-2.2
Age at measurement calculated from the birthdate (days / years) 752 /2.1 734-786 / 2.1-2.2
Gestational weeks at birth 40 36-42
Head circumference of the child at birth (cm) 36 33-38
Birth weight (g) 3663 2885-4900
Birth height (cm) 52 47-56
Maternal age at measurement (years) 36 24-47
Maternal age at birth (years) 34 21-45
Maternal Pre-pregnancy Body Mass Index (BMI) 24 19-36

Fig. 2. Experimental session. a) Illustration of the measurement setup with the experimenter providing the brushing stimuli with a soft paintbrush to the child’s
right forearm. b) Placement of the measurement probe over the left frontotemporal cortex of the child. NAS = nasion, LPA = left preauricular point, X’ = source,

circle = detector, black filled circle = extra photogrammetry marker.

cartoon to help motivate the child to sit still for the entire course of
the measurement session. We adopted this paradigm since in previous
studies with touch experiments on infants, silent videos were found to
capture the infant’s attention and improve the signal-to-noise ratio of
measured data (Fairhurst et al., 2014; Miguel et al., 2019). Photogram-
metry markers were placed on the child’s head while they were sitting
on their parent’s lap. A stereo camera setup was used to record images
of the child and the markers from different directions.

A silicone-based (Accutrans Black, Ultronics/Colténe) high-density
fibre-optic probe with 15 source fibres and 15 detector fibre bundles,
each equipped with a 4-mm right-angle prism terminal, was placed over
the left frontotemporal cortex of the child (Fig. 2b). It was held in place
by a self-adhesive bandage wrapped around the child’s head. After the
probe was attached, additional stereo images were taken to record the
position of the probe relative to landmarks. The course of the whole
measurement session was recorded using a video camera. If the child
was uncomfortable or crying, the measurement was paused for consoling
the child before continuing. Once the child was calm again, the parent
was asked for the permission to continue.

2.3. Stimuli

A trained experimenter (author AM) manually stroked the child’s
right dorsal forearm skin using a soft goat-hair paintbrush. A laptop
computer running Presentation© software (Neurobehavioral Systems)
showed “Slow” and “Fast” cues after a countdown for nine seconds prior
to the onset of the next stimulus to cue the experimenter to be ready
at the correct time. The stimulus onset trigger was transmitted using
a parallel port signal between the stimulus laptop and the DOT instru-
ment control and data acquisition computer. An optoisolator was used
to make sure the trigger signal did not cause electrical interference. The
trigger signal consisted of transistor-transistor logic (TTL) pulses with

length indicating the stimulus condition; 50 ms = slow brushing and
100 ms = fast brushing.

Slow brushing was carried out with a single stroke in a proximal-
to-distal direction at an approximate speed of 3 cm/s (affective touch)
while fast brushing was administered with 7-9 strokes in alternating di-
rection at an approximate speed of 30 cm/s (non-affective touch). Simi-
lar stroking velocities have been used in prior neuroimaging studies on
affective touch processing (Olausson et al., 2002; Jonsson et al., 2018;
Tuulari et al., 2019). The stimuli were presented in an event-related
fashion where the stimulus was applied for 2 s, with an average inter-
stimulus interval of 31 s (range 12 to 127 s, standard deviation 20 s). An
average of 59 stimuli (30 slow and 29 fast) were presented per child in
a randomized counterbalanced order. The length of the brushing stroke
was approximately 6 cm over the right forearm for both the slow and
fast stroking, and the speed of brushing was confirmed from the video
recordings. A stimulus robot was not used because it would have re-
quired fixing the position of the arm, which was not feasible given the
age of the subjects.

We aimed to acquire data for 2 measurement runs, comprising 80
stimuli per child, although for one child, three runs were acquired (120
stimuli). The total duration of one measurement run was approximately
25 min. The duration of one complete measurement session was ap-
proximately 1-1.5 h (including 10 min for familiarization). The entire
measurement session was video-recorded in order to detect and discard
motion artefacts and make note of missed stimuli in subsequent analysis.

2.4. Instrumentation

A 16-channel frequency-domain (FD) diffuse optical tomography
(DOT) system was used for this experiment (Nissild et al., 2002, 2005a).
The light is intensity modulated at 100 MHz and the source fibres are il-
luminated in a time-multiplexed sequence. The system records both am-
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plitude and phase data which closely correspond to intensity and mean
time of flight in time-domain systems. The gains of the photomultiplier
tube (PMT) detectors are adjusted during the imaging sequence to opti-
mize the signal-to-noise ratio for each source-detector pair. A microelec-
tromechanical system (MEMS) technology switch (Opneti Ltd., China)
was used to switch between the source fibres, with 50 ms pulse duration
and 20 ms high voltage adjustment settling time between source posi-
tions, leading to a total image acquisition time of 1.4 s. An accelerom-
eter was embedded in the silicone probe to provide information on the
child’s movements.

A single 798 nm wavelength was used, allowing us to optimize the
time resolution and SNR. The laser diode temperature was regulated to
maintain the target wavelength which was confirmed using a spectrome-
ter before and after the measurement series. This wavelength allows the
determination of changes in the total haemoglobin concentration (HbT).
Synaptic activity modulates arteriolar dilation and contraction through
the neurovascular coupling and the resulting changes in vascular diam-
eter contribute to changes in HbT (Hillman et al., 2007; Devor et al.,
2007). Hillman et al. studied HbO,, HbR and HbT responses to forepaw
stimulation in the rat and found that the arteriolar and capillary com-
partments contributed more to the HbT time course than the HbO, and
HDR time courses and the venous compartment had the smallest contri-
bution in the HbT signal (Hillman et al., 2007). Culver et al. observed
that HbO, and HbR include significant contributions from venous drain
areas whereas the HbT response was more localized to the arteriolar
side, leading to greater spatial accuracy and resolution when the inten-
tion is to localize sites of neuronal activity (Culver et al., 2005). Gagnon
et al. showed that the cortical contribution to the HbT signal in the mo-
tor cortex is greater and the pial vein contribution to the HbT signal
smaller than in HbO, and HbR signals (Gagnon et al., 2012). In a re-
view of NIRS studies on infants by Lloyd-Fox et al. (2010), most studies
included show statistically significant positive HbO, responses to stim-
uli whereas the polarity of HbR responses varies from study to study and
subject to subject. A few studies show inverted polarity in both HbO,
and HbR. Statistics on HbT are only reported in a minority of studies,
but the polarity of HbT generally aligns with HbO,.

2.5. Raw signal processing

The measured amplitude data was used to estimate the haemody-
namic response time course for each source-detector pair and stimulus
condition. The data for each source-detector pair was resampled to a
common time base with 2 Hz sampling frequency using linear interpo-
lation. Signal drift was removed by subtracting a piecewise linear func-
tion fit to averaged signal values within [-2 s, 0 s] pre-stimulus inter-
vals that precede blocks of stimuli with inter-stimulus-interval (ISI) <
20 s from the original signal. The video recordings of the session were
analysed to determine epochs with head movements, limb movements,
or crying. Motion artefacts were additionally detected using the follow-
ing two criteria: a) epochs where the accelerometer signal exceeded a
fixed threshold or b) where the difference between the minimum and
maximum of the filtered optical amplitude signal exceeded seven times
the standard deviation of the signal. Artefactual epochs were excluded
from further analysis. Finally, the raw signals were low-pass filtered at
a cutoff frequency of f 3 ;3 = 0.2 Hz.

In this study, because we were concerned with the impact of the
child’s activity during resting periods on the resulting haemodynamic
response time courses, instead of averaging with finite impulse response
deconvolution, we used a predefined haemodynamic response function
(HRF) kernel and determined the response magnitude by minimizing the
squared error between the model-predicted and measured raw data. The
measured log amplitude signal y can be considered as a linear convolu-
tion of a filter kernel h and the stimulus onset vector s;, where i = the
stimulus condition type (1 = slow brushing, 2 = fast brushing). The con-
volution can be expressed in matrix format with

S;=5,®h,
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y= Sb+n,
S= 1[5 8 1],
by
b= |b,],
bs

where n is a noise vector which includes physiological signals unre-
lated to the neuronal activity as well as measurement noise, and b is
a column vector where b, is the magnitude of the response correspond-
ing to slow brushing, b, for fast brushing and b; a constant which sets
the baseline level. The haemodynamic response function kernel h is the
canonical HRF model from the SPM software (analytical formula given
in Lindquist et al., 2009) with default parameters convolved with a two-
second boxcar function and time scaled by 1.25x to achieve a realistic
time-to-peak of 7 s that was consistent with the responses in the raw
data (Fig. 3b).

Vector b can then be estimated by solving the set of linear equations
using MATLAB’s mldivide operation,

b=5S\y.

The final data comprised 16 children (8 boys and 8 girls) from whom
we had artefact-free signal for responses to at least 10 stimuli. The av-
erage numbers of stimuli presented for the included children were 37
and 36 for slow and fast brushing, respectively, and on average, 27 slow
and 28 fast stimuli were accepted into averaging. The total numbers of
stimuli accepted into averaging for all included subjects were 438 for
slow and 445 for fast brushing.

Prior to the actual experiment with stimuli, a measurement with a
slower sequence (500 ms pulse for each source position) was made to
record information on the baseline optical properties of the tissue. The
measured phase and amplitude data were calibrated to correct for differ-
ences in transmission, sensitivity, and time-of-flight between individual
source and detector channels, and for the effect of high-voltage gain
adjustment on the amplitude and phase. The detector gain calibration
procedure is described in (Nissild et al., 2002, 2005a) and the proce-
dure for compensating for interchannel differences in the attenuation
and optical pathlength was adapted from Hillman et al. (2000).

2.6. Photogrammetry

Before starting the measurement, a stretchable coloured glass pearl
marker mesh (with an average of 60 photographed pearls) was placed
on the subject’s head. In addition, marker stickers were positioned at
the left and right preauricular points (LPA and RPA, respectively), the
nasion (NAS), on the cheeks and the chin. Two Olympus E-PL5 cam-
eras with Leica Panasonic 25 mm f/1.4 lenses were mounted in an alu-
minium frame and synchronized using an electrical remote release. A
studio flash and reflector were used to bounce light from the room’s
white ceiling to produce even, diffuse lighting. Flash-based lighting was
used to minimize blur due to subject movement and produce high qual-
ity images with consistent quality of light and colour across multiple
different camera angles. The flash was triggered using a radio trigger.
The internal and external calibration parameters of the stereo camera
model were determined by taking synchronized exposures of a calibra-
tion target which consists of three orthogonal plates with a black square
on a white background. DXO Optics Pro software was used to process
the raw images and apply distortion correction.

Stereo images captured from 5 to 7 different angles of the head with
the pearl mesh and from one angle with the probe attached on the head
were used to identify matching points between the left and right cam-
eras and estimate the corresponding 3D coordinates. Matching points
between stereo image pairs were also marked, and rigid translation and
rotation were used to combine the 3D point sets from each camera an-
gle. The multiple reconstructions of a point from different camera angles
were replaced with their average.
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course of the haemodynamic response function used in the analysis; vertical grey bar indicates stimulus timing. ¢) Approximate layout of the source and detector
optodes in the grid. ‘X’ = source, ‘O’ = detector position. The colour coding indicates separation between source and detector. (Figure should be printed in colour.).

2.7. Anatomical head model and optode positions

The anatomical head models required for the forward and inverse
modelling and visualization of results were obtained by registering a
published age-appropriate template (Shi et al., 2011) to the individual
head shapes measured with photogrammetry. Previously, atlas-guided
DOT has been studied, for example, by Gibson et al., 2003; Heiskala
et al. (2007b, 2009b) Custo et al. (2010), and Ferradal et al. (2014).
The size of the template is 181 x 217 x 181 and it consists of isotropic
cubic voxels with a side length of 1 mm. The template included tissue
type probability maps for cerebrospinal fluid (CSF), grey matter (GM)
and white matter (WM), and an averaged intensity image. The prob-
abilities were converted into a fixed model by first defining the GM
and WM to consist of the voxels where the probability of the respec-
tive tissue type was the highest. The combined scalp and skull layer was
created by thresholding the template intensity image and excluding the
previously assigned voxels. The brain-scalp distances in the model were
compared with those published in Beauchamp et al. (2011) and found
to be a reasonably good match. The CSF segmentation was refined man-
ually to separate the subarachnoid CSF with arachnoid trabeculae from

the sulcus and ventricular CSF, and to obtain a realistic subarachnoid
CSF thickness and total volume of CSF. The maximum absolute differ-
ence between a tissue’s volume ratio in the atlas versus in the deformed
template is under 0.1 percentage points for all subjects.

The landmarks (LPA, RPA and NAS) were used to transform the 3D
points from photogrammetry into the template’s coordinate system. The
marker mesh is sparse enough that it was generally not significantly
lifted by hair. In the case of braids, the affected points were removed.
The points marked with a pearl were dropped radially towards the esti-
mated centre of the head to account for the pearl height. The Iso2Mesh
toolbox (Fang and Boas, 2009a) was used to generate a triangular sur-
face mesh for the template, with a maximum Delaunay sphere radius of
5 mm resulting in a mesh with 4868 triangles (2393 nodes). The optimal
deformation for the template was searched as the one that best matches
the mesh surface to the target surface points.

A nine-parameter affine transformation, including anisotropic scal-
ing, rotation and translation was chosen for the registration, as described
in (Hirvi, 2019). This enabled controlled modification of the template
shape, in addition to rigid deformations as in (Wu et al., 2014, 2015). To
find the optimal deformation, the iterative parameter grid search algo-
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Table 2

Optical properties used in the tissue model. p,’ = re-
duced scattering coefficient, u, = absorption coefficient,
g = anisotropy factor, n = index of refraction.

p [mm] oy, [mm?] g n
Scalp & Skull 0.8 0.012 0.9 1.35
CSF-1 0.3 0.004 0.9 1.35
CSF-2 0.001 0.002 0.9 1.35
Grey Matter 2.2 0.014 0.9 1.35
White Matter 8.4 0.0032 0.9 1.35

rithm from Maikela et al. (2001) and (Koikkalainen and Lotjonen, 2004)
was implemented. The main term in the objective function was the sur-
face registration error (SRE) calculated as the average distance from the
target points to their closest points on the mesh (surface-based regis-
tration) (Frisch, 2018; Koikkalainen and Lotjonen, 2004). The closest
points were re-calculated for each deformation, and the target set in-
cluded the pearl-marked points and the preauricular landmarks. For two
of the subjects, the nasion was also included in the SRE, but for the rest,
more accurate and realistic results were obtained by including constraint
terms in the objective function that set the upper limits to the point-wise
Euclidean separation between the template and target nasion. Following
the template deformations, the average SRE for the pearl-marked surface
points over all subjects decreased from 8.0 + 3.4 mm to 1.6 + 0.3 mm
(for denser surface meshes with maximum Delaunay radius of 2 mm).
The templates were deformed using MATLAB’s imwarp function and
cubic interpolation to define new tissue boundaries. The optode posi-
tions on the scalp were interpolated using the visible markers on the
probe, the known geometry of the probe and the surface of the deformed
anatomical model. We validated the processes via careful visual evalu-
ation of the deformed models and the optode positions.

2.8. Optical properties in the tissue model

The tissue-specific optical properties in the five-compartment model
of the optical structure of the head are presented in Table 2. The
anisotropy factor was set to g = 0.9 and index of refraction to n = 1.35
for all tissue types. The CSF was divided into the subarachnoid CSF (CSF-
1) containing the subarachnoid trabeculae, and the low-scattering CSF
(CSF-2) consisting of the CSF in the sulci and ventricles. The optical
properties we selected for the CSF are in agreement with (Okada and
Delpy, 2003), whose simulations suggest that the effect of arachnoid
trabeculae could be modelled with a homogeneous semidiffusive tissue
type with reduced scattering of 0.16-0.32 mm~', and CSF without the
trabeculae is given absorption of 0.002 mm~! and reduced scattering of
0.001 mm™1, as also in Heiskala et al. (2007a) for ventricular CSF. The
properties for WM were estimated from the graphs and the reported val-
ues by van der Zee et al. for post mortem measurements in adults at the
wavelength of 800 nm (van der Zee, 1993a; Van der Zee et al., 1993b).
The WM absorption and scattering coefficients reported by van der Zee
et al. were measured from 50-, and 60-year-old subjects. Deoni et al.
estimated myelin-to-water-fraction (MWF) in children between approx-
imately 3 months and 5 years of age using MRI (Deoni et al., 2016). We
estimated MWF values visually from the graphs at two years of age as
0.11-0.13 for temporal, parietal and frontal areas. Faizy et al. estimated
the MWF of frontal and parietal WM for 50-60-year-old adults to be ap-
proximately 0.9-0.12 (Faizy et al., 2018). Based on these considerations
and in the absence of direct data, we assume the MWF and WM optical
properties for two-year-olds to be closer to those of adult subjects rather
than neonates.

We estimated the optical properties for combined scalp and skull
layer (SS), and GM by simulating the logarithm of amplitude In(A4) and
phase shift ¢ data for different optical parameter combinations to find
the data that best fits the measurements after accounting for coupling
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variations in the amplitude measurements and baseline drift in the cal-
ibrated phase. For each source-detector pair, we used the Monte Carlo
eXtreme software (see Sec. 2.9) to obtain the partial pathlengths / o for
each medium m that are converted to total time of flights ¢, for each
detected photon packet p. The logarithm of amplitude and phase shift
are computed using the following formulas (Heiskala 2009c¢):

X = ZBXP<_ZPa,m1p,m)C°S (2thtp),

P

Y = Z exp <— Z “a,mlp¢m> sin (21rftp),
p m
In(A) = In (w/(x2 +Y2)>,

_ZIICtZIIl(Z>
9= X)

where f is the modulation frequency of 100 MHz and , ,, is the absorp-
tion coefficient for tissue type m.

The baseline for the simulated In(A) values is set by matching the
mean value over the SDS range 15-55 mm to the corresponding mea-
sured mean value. In this range, the simulated values exhibit a roughly
linearly decreasing trend with respect to increasing SDS. For two of the
16 subjects, the absolute calibration was not performed and the phase
baseline was fixed by fitting a line to the approximately linear part of
the data and moving the data so that this line crosses the origin.

We simulated data in a four-dimensional grid of possible values for
the four unknown optical parameters to cover a wide range of liter-
ature (Firbank et al., 1993; van der Zee, 1993a; Van der Zee et al.,
1993b; Okada et al., 1997; Simpson et al., 1998; Bevilacqua et al.,
1999; Schmidt, 2000; Torricelli et al., 2001; Yaroslavsky et al., 2002;
Strangman et al., 2003; Fukui et al., 2003; Zhao et al., 2005; Custo et al.,
2006; Gagnon et al., 2012; Dehaes et al., 2011; Hallacoglu et al., 2013;
Farina et al., 2015; Farzam et al., 2017; Brigadoi and Cooper, 2015). The
tested values for the absorption coefficient cover the range 0.005-0.06
mm™! in steps of 0.005 mm~! and include some intermediate literature-
based values from the range 0.006-0.03 mm~! for a total of 21 and 22
values for SS and GM, respectively. The tested scattering coefficient val-
ues cover the range 4-20 mm~! and 4-28 mm~! in steps of 2 mm~™1, for
SS and GM, respectively. As a result, we have 117 different scattering co-
efficient combinations and a total of 54,054 different optical parameter
combinations. The simulations take 2-3 h per scattering combination,
for one subject and all source-detector pairs (225 in total).

For each set of optical parameters, we used MATLAB’s 1sqlin op-
eration to find the column vector C of 31 coupling coefficients that min-
imize, in the least-squares sense, the difference between measurements
and simulations, given as

w - (ymeas +B-C- ysimu)’

where y....c and ygq,, are 481 x 1 column vectors with all In(4) and
phase values (maximum 225 for each), and 31 zeros at the bottom for
the coupling coefficient regularization terms. Matrix B is a 481 x 31
binary selection matrix, and matrix W is a 481 x 481 diagonal weight
matrix. In vector C, the 30 first elements are the actual coupling coef-
ficients accounting mainly for the effects of hair on the In(4) measure-
ments. These coefficients are limited to non-negative values since hair
has been observed to cause mainly drops in the amplitude values (Fig.
12 in Schweiger et al., 2007). The last unlimited element in C accounts
for the baseline-drift in the calibrated phase measurements.

We computed W as the square root of the inverted covariance matrix
assuming that the measurements are independent. Thus, each weight is
obtained as the inverse of the variable’s estimated standard deviation
(STD). The STD of the phase measurements and the phase baseline was
set as 1°, with the exception that the baseline is not regularized for the
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two subjects without absolute calibration. The STD for In(4) was ob-
tained from this by scaling with the ratio of their mean values in the
SDS range 15-55 mm. The STDs for the corresponding coupling coeffi-
cients are further scaled to account for the smaller number of coefficients
compared to measurements.

Following the least-squares optimization with the coupling coeffi-
cients, the tested optical parameter combinations are arranged in order
according to increasing squared error for each subject. The overall best
set of properties is selected as the one with the lowest sum of rankings
over all 16 subjects (Table 2).

2.9. Monte Carlo simulation

We use the Monte Carlo eXtreme (MCX/MCXLAB, v2020 “Furious
Fermion”; Fang and Boas, 2009b; Yu et al., 2018) software to record
the photon trajectories for computing the simulated FD data and the
Jacobians or the sensitivities of the detected intensities to voxel-wise
changes in the absorption coefficient for each source-detector pair. The
sensitivities were estimated as the sum of the detected photon weights
multiplied by the voxel-wise partial path lengths (Heiskala, 2009¢) using
the “replay” method in MCX (Yao et al., 2018).

We run the GPU-accelerated version of MCX on NVIDIA Tesla P100
and V100 GPU-cards provided by the Aalto Science-IT project. The clus-
ter offers multiple GPU cards for use in parallel, which enables han-
dling multiple subjects and optical parameter combinations simultane-
ously and accelerates the process. Each source was modelled as a col-
limated Gaussian beam with a waist radius of 1.25 mm. The detector
radius was 1.82 mm. For each source, we simulated 10° photon pack-
ets for 90 ns. All simulations were performed in the 1 mm voxel grid,
but the voxel size was increased to 2 mm for the image reconstructions.
The obtained subject-specific Jacobians and reconstructions are inverse-
deformed back to the atlas model to enable group-level analysis within
the same reference template.

2.10. Image reconstruction

The voxel-wise absorption coefficient changes Az, were recon-
structed from changes in the logarithm of amplitude obtained by fitting
the HRF model to the measured amplitude signal (Section 2.5). The solu-
tion to the inverse problem was calculated with Tikhonov regularization
(Heiskala et al., 2009a; Nasi et al., 2013) by minimizing

> (Aln[Ayc(s.d. AT;)| = Aln[A(s. d)])° + el LAT 12,
s,d

where for each source (s) and detector (d), A is the measured amplitude
and Ay, the estimated value according to the Monte Carlo simulations.
The Laplacian matrix L is computed as

nn, ifi=j
L;;=4-1, if jis aneighbor of i,
0, otherwise

where nn is the number of voxels with a common face with voxel i (6-
neighbourhood). The inverse problem was linearized using the calcu-
lated Jacobians, and the least-squares solution to the matrix equation
was obtained with MATLAB’s 1sqr operation. The regularization pa-
rameter value « = 10 and the maximum number of iterations (100) were
chosen as found appropriate in reconstruction of simulated cortical ac-
tivation as well as phantom data. From the reconstructed changes in the
absorption coefficient, changes in total haemoglobin (HbT) were calcu-
lated using extinction coefficients from Cope (1991).

Only the data from source and detector pairs with Euclidean sep-
aration under 50 mm were utilized for the reconstructions from func-
tional data to avoid risk of low SNR or light leakage. The histogram
of the source-detector separations (SDS) in the optode arrangement is
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given in Fig. 3a. The spatial arrangement of sources (‘X’) and detec-
tors (‘O’) in the measurement probe is shown in Fig. 3c with intercon-
necting lines indicating source-detector pairs in use. For the purpose of
defining the field of view (FOV) of the probe in the atlas template, we
considered the falloff of measurement sensitivity of the probe in the fol-
lowing way: The normalized Jacobian was first calculated by dividing
the inverse warped Jacobian with its largest value within the brain tis-
sue. The relative measurement sensitivity of the imaging probe at each
voxel was defined as the maximum of the normalized Jacobians calcu-
lated across all source-detector pairs. The measurement field of view
(FOV) was defined to include the voxels where the relative sensitiv-
ity was greater than 0.01 in all subjects (Fig. 4a). The statistical anal-
ysis of the reconstructed images was limited to GM voxels within the
FOV.

2.11. Region-of-interest analysis

In line with our hypotheses, we selected two regions of inter-
est (ROIs) delineated in the age-appropriate Automated Anatom-
ical labelling (AAL) template published by Shi et al. (2011).
Olausson et al. (2002) studied an adult subject who lacked Ap afferents
but had intact CT afferents as a result of sensory neuronopathy, along
with healthy controls, using fMRI. Slow strokes of 2-10 cm/s on the
right forearm were used to activate CT afferents. On the contralateral
hemisphere, the insular cortex and premotor cortex (PMC) had signif-
icant activation in the patient, while S1 or S2 were not activated. In
some of the controls, S1, S2, insula, and PMC were activated. Morrison
et al. used 3 and 30 cm/s brushing on the left forearm and imaged adult
subjects using fMRI (Morrison et al., 2011). They reported slow > fast in
a region of the posterior insula, superior parietal cortex and postcentral
gyrus. In two-month-old infants, Jonsson et al. reported statistically sig-
nificant slow > fast responses in the insula, using DOT (Jonsson et al.,
2018). Pirazzoli et al. reported significant responses to affective touch
in the left inferior frontal gyrus (IFG) and posterior superior temporal
sulcus (STS) in 5-month infants using fNIRS (Pirazzoli et al., 2019). Davi-
dovic et al. reported responses to 2 cm/s brushing in the left postcen-
tral gyrus (PoCG-L), superior frontal gyrus (SFG-L), left IFG, precentral
gyrus (PreCG-L), and lentiform gyrus (outside of FOV) using fMRI in
adults (Davidovic et al., 2016). Based on these considerations, we se-
lected three ROIs, ROI 1 is AAL 29 (left insula, INS-L), ROI 2 is AAL
57 (left postcentral gyrus, location of the primary somatosensory cor-
tex, PoCG-L) and ROI 3 is AAL 11 (IFGoperc-L). PMC, S2 and pSTS
were not used as ROIs because these regions are not defined in the tem-
plate and the precise location of pSTS varies from study to study in the
literature.

The HbT response amplitudes for the GM voxels within the FOV
were averaged within each ROI. The statistical significance of the dif-
ference between HbT response amplitudes between the two condi-
tions (slow vs. fast brushing) and the difference between each con-
dition and baseline was assessed using Student’s t-test. Multiple com-
parison correction was applied using the Bonferroni method for N = 3
regions.

2.12. Clustering based on voxel-level statistics

In the second analysis approach, we consider an alternative delin-
eation of activated or deactivated regions that is not dependant on the
anatomical parcellation of the atlas. We first calculate the voxel-level
statistical significance of the responses and merge adjacent voxels that
show sufficient statistical significance into clusters. We start by combin-
ing adjacent GM voxels that satisfy Pyoxel < P11 = 0.001 into clusters
and calculate the cluster average HbT response for each condition. The
voxel-level significance threshold is then increased to py, 2 = 0.033 and
Pwn,3 = 0.01 and the clusters are extended to include these additional
adjacent voxels. The cluster statistical significance is compared between
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Fig. 4. Measurement sensitivity and parameter fitting. a) Approximate sensitivity of the measurement probe displayed as contour map overlaid on an axial slice of
the anatomical template. The relative sensitivity exceeds 0.1 inside the white line (light grey line 0.01,dark grey line 0.001). b) Bar graph illustrating the relative
partial pathlengths in each tissue type for different source-detector separations (SDSs). White = combined scalp and skull layer, light grey = CSF-1 = subarachnoid
CSF, mid-grey = CSF-2 = low-scattering CSF in the sulci and ventricles, dark grey = grey matter (GM), black = white matter (WM). c) For one subject, the simulated,
measured, and coupling coefficient (CC)-adjusted log amplitude data. d) Simulated, measured and CC-adjusted phase data. The simulated data in c) and d) were

calculated using MCX and the optical properties in Table 2.

voxel-wise significance levels L1, L2, and L3 and the cluster extent is
determined based on the smallest p-value where the minimum volume
threshold is satisfied. In principle, a larger number of threshold levels
could be considered but for practical reasons we limited the analysis to
three levels.

The cluster-wise averages are compared between slow brushing vs.
baseline, fast brushing vs. baseline and slow vs. fast brushing using Stu-
dent’s t-test. The Bonferroni method was used to correct for multiple
comparisons due to the number of regions tested. The correction factor
was determined based on the following considerations: First, we calcu-
lated the number of grey matter voxels within the FOV of the probe
Ngm, rov = 66 x 10%. We consider that the imaging method is able to
delineate approximately regions of 1 cm® from each other. Thus, the
number of regions is Nyc; = 66. We also calculated the number of
source-detector pairs for which 12 < SDS <= 55 as Ny, = 151. The
larger of these two (151) was selected as the correction factor in the
clustering based on voxel-level statistics.

A minimum cluster size of 50 voxels (in the original atlas template,
this corresponds to 50 mm?3) was set to control the false positive rate of
the clustering method. The threshold was chosen using a validation pro-
cedure where a large quantity of synthetic resting-state data was gener-
ated and processed through the analysis pipeline. A false positive rate of
0.05 was observed with a 50-voxel minimum cluster size. This approach
is conceptually similar to Salli et al. (2001) and Cox et al. (2017).

The statistical power was not estimated prior to the analysis as the
optical properties and functional contrast were not adequately known
until a late stage in the analysis.

2.13. Data and code availability

Data recorded and analysed in the study are available upon contact-
ing the corresponding author with a reasonable request. The data shar-
ing will be subject to the limitations specified in the consent form and
Finnish law. Analysis code can be made available subject to an agree-
ment between the parties and Aalto University.

3. Results
3.1. Optical parameters

The optical properties obtained from the fitting procedure described
in Section 2.8 as the set of parameters which minimized the sum of
rankings over all subjects are presented in Table 2.

Fig. 4a illustrates the region where the relative sensitivity is greater
than 0.1, 0.01, and 0.001 for all subjects. The FOV was defined as the
region inside the 0.01 line. The mean partial pathlengths of the detected
photons for each source-detector range and each tissue type using the
final optical parameters are illustrated in the bar graph in Fig. 4b. The
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Table 3

Response magnitudes and statistical significance in regions of interest
(ROIs). p-values given uncorrected. * = p < 0.05 (uncorrected); ** = p <
0.05 corrected for multiple comparisons (3) using the Bonferroni method.
INS-L = insula left.

AAL region Location N, Slow Fast Slow-Fast
ROI'1 INS-L 105 0.20 upM -0.96 uM 1.2 pM**
AAL 29 Fig. 5ab p =0.01**

Table 4

Voxel statistics -based clustering results. The uncorrected p-values are given
in this table. * = p < 0.05 (uncorrected); ** = p < 0.05 corrected for multiple
comparisons (151) with the Bonferroni method. PoCG-L = precentral gyrus
left, ROL-L = Rolandic operculum left, STG-L = superior temporal gyrus left.

Cluster Location Nyox Slow Fast Slow-Fast
C1 (L2) 57 PoCG-L 55% 85 -1.2 uM 1.4 uM —2.6 uM**
Fig. 6ab 17 ROL-L 27% p=23x10"**

81 STG-L 18%

tissue-wise partial pathlengths for each detected photon were computed
with MCX (see Section 2.9) and normalized for each source-detector
pair by dividing the sum of the weighted partial pathlengths by the sum
of the weighted total pathlengths. The normalized values were then av-
eraged over each SDS range and over all 16 subjects. At SDS < 10 mm,
67% of the pathlength is in the scalp + skull layer, and 17% in GM. At
SDS > 50 mm, 31% of the pathlength is in the scalp + skull layer and
41% in the GM. The mean partial pathlength in WM is 1-6%. Fig. 4c and
4d illustrate the fit between the simulated, measured, and CC-adjusted
measured In(A) and phase, respectively, using the final optical parame-
ters for one subject.

3.2. Touch responses based on region-of-interest (ROI) analysis

In ROI 1 (INS-L), 105 voxels were within the FOV of the probe.
The HbT response to slow brushing was statistically significantly greater
than the response to fast brushing (slow - fast = 1.2 pM; slow > fast;
p = 0.01; Table 3; Fig. 5a-b).

3.3. Touch responses based on voxel-level clustering

A statistically significant difference between the HbT responses to
slow and fast brushing was found (slow - fast = —2.6 uM; fast > slow;
P =2.3x107% ppone = 0.03; Table 4; Fig. 6a-b) in a 85-voxel cluster (C1)
residing in the Postcentral Gyrus (PoCG-L), Rolandic Operculum (ROL-
L) and Superior Temporal Gyrus (STG-L). This is part of the primary
somatosensory cortex (SI).

10
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Fig. 5. Results from region of interest -based
analysis. a) Axial and b) coronal slices of the
template with AAL region 29 (INS-L) where the
HbT response to slow brushing is greater than
to fast brushing (slow > fast; p = 0.01). Voxels
within the FOV indicated in yellow. (Table 3)
(Figure should be printed in colour.).

4. Discussion
4.1. Affective and non-affective touch processing

In the present study, we investigated the processing of affective
and non-affective touch in two-year-old children using diffuse optical
tomography (DOT). We applied affective touch (represented by CT-
optimal brushing at 3 cm/s) and non-affective touch (represented by
non-CT-optimal 30 cm/s brushing) to the right forearm and imaged to-
tal haemoglobin (HbT) responses on the left hemisphere. We found sta-
tistically significant differences in HbT responses between slow and fast
brushing in two regions: slow > fast in the insula and fast > slow in a
cluster residing in the postcentral gyrus, Rolandic operculum and supe-
rior temporal gyrus. Insula activation in response to CT-optimal stimu-
lation is consistent with fMRI findings in adult subjects (Olausson et al.,
2002). The primary somatosensory cortex (S1) is activated by discrimi-
native touch. Our present findings in two-year-olds are consistent with
the theory of opposite effects of CT afferent stimulation in insula and S1
presented by Olausson et al. (2008) and in McGlone et al. (2012). CT-
optimal stimulation was reported to deactivate S1 in Ap-deafferented
adult subjects (Olausson et al., 2008) and cause no statistically signifi-
cant response in the contralateral S1 in healthy controls (Olausson et al.,
2002). The fast > slow cluster of the present study is located inferi-
orly to the expected representative area of the arm in S1; this may be
in part because it is near the edge of the field-of-view (FOV) of the
probe.

In a previous study on two-month-old infants, we found the HbT re-
sponse to slow brushing to be greater than fast brushing (slow > fast)
in the insula and a statistically weaker slow > fast in middle tempo-
ral cortex (Jonsson et al., 2018). This is consistent with our present
findings in two-year-old subjects. Although previous research indicates
that the primary somatosensory cortex (S1) is primarily involved in non-
affective touch processing in adults (Cohen et al., 1991; Knecht et al.,
2003; Tegenthoff et al., 2005; Lundblad et al., 2011), a few recent stud-
ies suggest that S1 may be involved in processing affective touch as well
(Gazzola et al., 2012; McCabe et al., 2008; Tuulari et al., 2019). Tuulari
et al. studied fMRI blood oxygen level dependant (BOLD) responses to
affective touch (applied by slow brushing on the right leg of the infant)
in one-month-old infants and found significant positive responses in the
insula and the postcentral gyrus (Tuulari et al., 2019). In the present
study, we found fast > slow in an area residing in the inferior post-
central gyrus, Rolandic operculum and superior temporal gyrus, which
may be reflective of preferential processing of non-affective touch in S1.
This is in contrast to Jonsson et al., where fast > slow responses were
not found in two-month-old infants in S1 although the FOV of the probe
included more superior areas than in the present study (Jonsson et al.,
2018). This suggests that the processing of discriminative touch might
not be fully developed at two months of age (Jonsson et al., 2018) but
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may be more mature at two years of age. S1 responses to affective touch
at one month of age reported in Tuulari et al. may have benefited from
the greater FOV of fMRI but also the stimulation site was different (foot
vs. arm) (Tuulari et al., 2019).

In the fNIRS study by Pirazzoli et al. (2019), affective and non-
affective touch were applied to the forearm of 5-month-old infants and
significant positive responses to affective touch were found in the infe-
rior frontal gyrus (IFG) and posterior superior temporal sulcus (pSTS).
However, the differences between affective and non-affective touch
were not statistically significant. In our present study, we also found
no statistically significant differences between slow and fast brushing in
the opercular IFG based on the current group-level analysis. It is pos-
sible that DOT with 3D reconstruction gives a different interpretation
to the location of the responses, wherein the most significant response
for affective touch is in the insula instead of, e.g., the IFG or STS. This
does not, however, exclude the possible involvement of these areas in
the processing of affective touch.

4.2. Clinical relevance

Clinically, affective touch processing has been investigated not only
in typically-developing children but also in children with disrupted so-
cial perception, such as autism spectrum disorder (ASD). Using fMRI,
Kaiser et al. found children with ASD (aged 5-17 years) to have dis-
rupted processing of CT-targeted touch in areas normally involved in
processing social and emotional information including the insula, ven-
trolateral prefrontal cortex, temporal pole, STS, temporoparietal junc-
tion, inferior parietal lobule, amygdala, fusiform gyrus and IFG, whereas
responses to non-CT-targeted touch were enhanced in S1 and insula, rel-
ative to typically-developing children (Kaiser et al., 2016). Using DOT,
it is possible to observe the development of a child’s processing of affec-
tive touch and detect atypical responses which may be relevant to the
social development and mental health of the child.

4.3. Modelling of light propagation in a realistic model of the child’s head

DOT difference imaging can tolerate some inaccuracy in the for-
ward model in the tissue-specific optical parameters, optode positions,
and boundary shape due to the partial cancellation of errors when the
differences in data are calculated between resting and active states
(Hillman et al., 2000; Heiskala et al., 2009a; Mozumder, 2015). How-
ever, large errors in background optical properties do tend to result in
inaccurate reconstruction of the dynamic changes inside the tissue. In
the case of activation in deeper cortical tissue such as the insula, the
optical properties of the tissue model have a significant impact on the
reconstruction.
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Fig. 6. Results from cluster analysis. a) Axial
and b) coronal slices of C1 in the Postcentral
Gyrys, Rolandic Operculum and Superior Tem-
poral Gyrus where the HbT response to fast
brushing is greater than to slow brushing (fast
> slow; Pgopr < 0.03). Pyoyxer < 0.001 indicated
in yellow; p,oe = 0.01 contour marked with
red line. (Table 4) (Figure should be printed in
colour.).

Our approach of fitting the optical parameters by comparing MC sim-
ulated data from an atlas model with two separate CSF types to FD mea-
surements from a high-density optode array with coupling coefficient
corrections is novel. Many previous studies on human head parameter
estimation from FD or TD data have used simple head models, such as
homogeneous semi-infinite slabs and spheres or two-layered slabs, to
enable solving either the coefficients or the forward problem analyti-
cally (Bevilacqua et al., 1999; Zhao et al., 2005; Dehaes et al., 2011;
Hallacoglu et al., 2013; Farina et al., 2015; Farzam et al., 2017). For ex-
ample, Franceschini et al. studied infant brain oxygen saturation (StO,),
blood volume (CBV), and HbT through the infant’s first year of life us-
ing FD, multidistance NIRS with the assumption of tissue homogeneity
(Franceschini et al., 2007). Jjichi et al. measured the optical properties
of neonates using time-resolved spectroscopy (ljichi et al., 2005). Es-
timation of parameters in realistic anatomical models (but with fewer
than five tissue types) has often been based on time domain data where
one can compare the measured and simulated time point spread func-
tions (TPSF) (Barnett et al., 2003; Gagnon et al., 2008; Selb et al., 2014;
Mahmoodkalayeh et al., 2019).

As a result of the improved accuracy of modelling of the optical struc-
ture of the two-year-old subjects’ head, we were able to localize the
primary activation due to CT afferent stimulation in the insula, con-
sistent with fMRI (Olausson et al., 2002, 2008) and DOT in infants
(Jonsson et al., 2018). Further improvement in accuracy of forward
modelling might be achieved by allowing some heterogeneity within
each tissue type by making a softer spatial prior based on the atlas.
The unconstrained reconstruction of the spatial distribution of optical
properties suffers from reduced contrast due to the partial volume ef-
fect (Nissila et al., 2005a; Schweiger et al., 2005). Both quantitative and
spatial accuracy can be improved by increasing the number of optodes
covering a given area (Heiskala et al., 2009a). By utilizing structural
prior information in the fitting, the contrast loss that occurs in free-form
reconstruction is reduced. Other approaches that have been suggested
to improve quantitative accuracy include classification-based methods
(Hiltunen et al., 2009) and level-set reconstruction (Schweiger et al.,
2010).

The selected literature-based properties for the two CSF compart-
ments and WM can affect the fitted estimates for SS and GM. The
measurement sensitivity to WM properties in this geometry is consid-
ered low due to the on average 1-6% partial pathlengths predicted
by the forward model. Use of individual best-fit optical properties
would enable accounting for individual features such as skin and hair
colour. To make the fitting more robust at the individual subject level,
shorter SDS measurements and each subject’s own MR images would
be helpful for more accurate modelling of the thickness of the super-
ficial layers (Mahmoodkalayeh et al., 2019) and the location and size
of the CSF pools which are important for accurate modelling of light
propagation.
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4.4. Limitations of the study

Triscoli et al. (2013) found that the subject-reported pleasantness of
brushing stimuli delivered manually at 3 cm/s is comparable to that of
analogous stimulation delivered by a robot. However, the use of a robot
to apply the brushing to the subject’s forearm would have required the
subject to hold their arm still during the entire session, which was not
realistic with two-year-old subjects. Therefore, the touch stimuli were
provided using a hand-held brush to make the stimulation more natural
and the subject as comfortable as possible. We selected the duration of
the touch stimuli as two seconds to administer the stimuli in a controlled
and reproducible manner and so that it is short enough that an adequate
number of repetitions could be presented. During the measurement ses-
sion, the child was watching a neutral cartoon video. While we cannot
rule out the possibility that watching the video alters brain processing
during the presentation of the touch stimuli; since the video is not syn-
chronized with the stimulus presentation, it is unlikely that this would
alter the essential characteristics of the results.

Our measurement probe covered about one-half of the superficial
cortical surface of the left hemisphere, and some regions relevant to
affective touch processing were excluded because of this. Regions which
were not included within the FOV but are sometimes reported activated
(or connected to areas activated) in response to affective touch in fMRI
studies on adult subjects are the right S2, the right posterior superior
temporal sulcus (pSTS), and the right orbitofrontal cortex (OFC) as well
as deep brain areas such as the anterior cingulate gyrus (ACC), striatum,
amygdala and cerebellum (Rolls 1999; Rolls et al., 2001; Olausson et al.,
2002; Rolls et al., 2003; McGlone et al., 2012; Gordon et al., 2013). In
addition, the superior parts of the prefrontal cortex (PFC) and S1 are not
within the FOV. The OFC is thought to be involved in complex emotional
processing and receives inputs from the insula and outputs to the ACC
(Rolls 1999; Rolls et al., 2003; Rolls 2019). The dorsal ACC and medial
PFC are found activated by affective touch and connected to the insula
and amygdala (Gordon et al., 2013). The OFC activity during affective
touch is modulated by oxytocin (Chen et al., 2020) and the ACC contains
receptors for opioids (Lindgren et al., 2012). The amygdala is involved
in emotional processing (Adolphs 2010) and the striatum and ACC are
part of the “reward circuit” of the brain (McGlone et al., 2014). This
means that affective touch is processed in a distributed network in the
brain. However, despite these limitations, the most consistently reported
regions are the contralateral insula, S1 and S2 which were within our
setup’s FOV. We believe that many interesting phenomena associated
with affective touch processing can be imaged by further developing
the optical imaging technique which is less demanding of the child than
fMRI.

We assumed the time course of the haemodynamic response to fol-
low a slightly delayed canonical model of a haemodynamic response
function to focus the analysis on the early phase of the event-related
haemodynamic responses rather than subsequent processing. An age-
appropriate atlas was deformed to match each subject’s head shape as
anatomical images for each individual subject were not available. The
optical properties for each tissue compartment were assumed to be con-
stant and additionally the white matter and cerebrospinal fluid optical
properties were assumed from the literature. The grey matter and skin &
skull parameters which gave the best overall fit across the subjects were
used instead of individual best-fit parameters. This made the fitting pro-
cedure more robust but does not account for inter-individual variations
or inhomogeneities in the optical properties within tissue compartments.

4.5. Future views

A recent development in DOT and fNIRS neuroimaging instrumen-
tation is the development of fibreless and/or wireless instruments that
can be worn on the subject’s head without a large number of cables in
the headgear (Pinti et al., 2018). This approach has many advantages
in a clinical monitoring environment as well as for neuroimaging chil-
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dren. The subjects can play and interact socially with others during the
session without the instrument or cables getting in the way, which can
lead to more realistic and naturalistic imaging of brain activity. How-
ever, given the present findings, we encourage researchers working in
the field to collect some measurements with time- or frequency-domain
instruments and confirm that the optical properties that they use in their
model are accurate for the subject population.

Conclusion

Touch plays a crucial role in forming social bonds, especially in
parent-child interaction, and thus it is important to understand the neu-
ral mechanisms of tactile processing in children. Our study is the first to
demonstrate differential processing of affective and non-affective touch
in the left insula as well as the primary somatosensory cortex in two-
year-old children and fills an important gap in the literature on affec-
tive touch processing in toddlers. Diffuse optical tomography (DOT) is
suitable for imaging neural development in small children because it
does not impose strict limitations on subject movement. Accurate mod-
elling of light transport is critical for correct reconstruction of activity in
deeper areas of the brain. The richer information provided by frequency-
domain DOT proved itself invaluable in this context.
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