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Abstract 42 

The neural underpinnings of humans’ ability to process faces and how it changes over typical 43 

development have been extensively studied using paradigms where face stimuli are 44 

oversimplified, isolated, and de-contextualized. The prevalence of this approach, however, has 45 

resulted in limited knowledge of face processing in ecologically valid situations, in which faces 46 

are accompanied by contextual information at multiple time scales. In the present study, we use a 47 

naturalistic movie paradigm to investigate how neuromagnetic activation and phase 48 

synchronization elicited by faces from movie scenes in humans differ between children and 49 

adults. We used MEG data from 22 adults (6 females, 3 left-handed, mean age 27.7±5.28 years 50 

old) and 20 children (7 females, 1 left-handed, mean age 9.5±1.52 years old) collected during 51 

movie viewing. We investigated neuromagnetic time-locked activation and phase 52 

synchronization elicited by movie scenes containing faces. Statistical differences between groups 53 

were tested using a multivariate data-driven approach. Our results revealed lower face-elicited 54 

activation and theta/alpha phase synchrony between 120-330ms in children compared to adults. 55 

Reduced connectivity in children was observed between the primary visual areas as well as their 56 

connections with higher-order frontal and parietal cortical areas. This is the first study to map 57 

neuromagnetic developmental changes in face processing in a time-locked manner using a 58 

naturalistic movie paradigm. It supports and extends the existing evidence of core face-59 

processing network maturation accompanied by the development of an extended system of 60 

higher-order cortical areas engaged in face processing. 61 

 62 

 63 
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Significance statement 64 

While the bases of development of face processing are well investigated using standard 65 

paradigms, much less is known about the developmental differences when a more complex and 66 

ecologically valid paradigm is applied. In the present study, we investigated developmental 67 

changes in whole-brain time-locked activation and connectivity elicited by movie scenes with 68 

faces. Our findings indicate reduced activation in core face-processing areas in children 69 

compared to adults during the 120-330ms after stimulus onset. Whole-brain connectivity was 70 

also decreased in children in theta and alpha frequency bands between primary visual areas but 71 

also extended to higher-order cortical regions in frontal and parietal lobes. Our results support 72 

the feasibility of exploiting naturalistic stimuli to investigate specific questions regarding sensory 73 

processing as an alternative to standard paradigms. 74 

 75 

 76 

INTRODUCTION 77 

 78 

The ability to process faces efficiently is crucial for every day social interactions and is 79 

supported by a specialized system of brain areas in the occipital and temporal lobes. There is 80 

evidence that this system might be genetically predetermined but it is also shaped by the 81 

experience of viewing faces in daily life (Sasson, 2006). Multiple studies investigated 82 

development of behavioral abilities related to face processing as well as the neural mechanisms 83 

supporting it. Extensive evidence suggests that humans are highly skilled in recognizing and 84 

identifying faces and reading various facial characteristics such as emotional expressions and 85 

social intentions (for a review see Young and Burton, 2018). Neuroimaging studies have 86 

identified the face processing network with its three core regions including middle fusiform 87 

gyrus (FG), lateral inferior occipital gyrus (occipital face area – OFA) and posterior part of 88 

superior temporal sulcus (Haxby and Gobbini, 2011; Kanwisher and Yovel, 2006). 89 

Electrophysiological research has uncovered the temporal specifics of face processing using 90 

event-related potentials (ERPs) or event-related fields (ERFs) in MEG studies leading to the 91 

identification of the face sensitive components – N170/M170, P250/M250, P400/M400 (for a 92 

review see Eimer, 2011; Marzi and Viggiano, 2007; Puce et al., 2013).  93 

 94 
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Early electrophysiological studies demonstrated profound developmental differences in 95 

amplitudes and latencies of P100, P170, and M250 and the adult-like face related brain responses 96 

can be observed only in late childhood (He and Johnson, 2018; Taylor et al., 2004). Large scale 97 

investigation of changes in cortical activation and connectivity dynamics during brain 98 

development reported activation in face-selective cortical areas together with a nonspecific 99 

activation in other brain regions (Joseph et al., 2011) and that face selectivity and modular 100 

activation of the core face-processing regions increased with age (Haist et al., 2013). Another 101 

study reported a decrease in information transfer within the face network in adults compared to 102 

children, potentially reflecting increase in specialization between parts of the network. (Joseph et 103 

al., 2019). Multiple studies have also reported lower connectivity within the core face network in 104 

children compared to adults, and that connectivity strength within this network increased with 105 

age (He et al., 2015a; Joseph et al., 2012; Kadosh et al., 2011; Song et al., 2015). Together these 106 

findings suggest large-scale configurational changes in face processing from childhood to 107 

adulthood. 108 

 109 

While the bases of the development of face processing are well investigated using standard 110 

paradigms, much less is known about the developmental differences when a more complex and 111 

ecologically valid paradigm is applied. Traditional paradigms usually consist of a set of 112 

standardized pictures of faces that are repeatedly presented to a viewer to elicit brain activation 113 

in brain areas specialized for face processing. The advantage of such paradigms is that a 114 

researcher can control basic physical properties of the stimuli and manipulate different aspects 115 

such as emotional expressions, similarity, positioning of the faces, etc. Such increased 116 

experimental control comes at the expense of ecological validity, however, as the studied stimuli 117 

are oversimplified, isolated, and de-contextualized (Wieser and Brosch, 2012). An alternative 118 

approach – naturalistic viewing – is becoming more common. Instead of repeated simple stimuli, 119 

participants are presented with a movie that resembles closely the complexity of sensory 120 

information we are exposed to real life. Apart from increased ecological validity, naturalistic 121 

viewing paradigms are easier to conduct when collecting data in challenging populations such as 122 

children and participants with neuropsychiatric or neurological conditions (Greene et al., 2018; 123 

Vanderwal et al., 2015). Recently scenes from a movie were used to do a time-locked analysis to 124 
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investigate neuromagnetic dynamics of visual processing and to map face-selective brain 125 

responses (Nunes et al., 2019). 126 

 127 

In this study we used MEG and a data-driven multivariate statistical approach to investigate 128 

time-locked neuromagnetic activation and phase synchrony between cortical areas in response to 129 

scenes with faces in children and adults during movie watching. Rather than focusing on 130 

traditional univariate parameters of event related responses constricted to a specific area, we 131 

examined whole brain activity and synchronization to capture complex and widespread patterns 132 

of cortical activation that could be produced by naturalistic stimuli. Based on prior literature 133 

using standard paradigms, we expected to observe increased activation in core face processing 134 

regions as well as increased connectivity within this network in adults compared to children. We 135 

also hypothesized that the areas from the extended face processing network would also display 136 

developmental differences in face-elicited activation and connectivity as their involvement is 137 

needed for efficient processing and integration of rich incoming information conveyed by faces 138 

and the surrounding background of movie scenes. 139 

 140 

METHODS 141 

 142 

Participants 143 

MEG data were recorded from 22 adults (6 females, 3 left-handed, mean age 27.7(5.28) years 144 

old) and 20 children (7 females, 1 left-handed, mean age 9.5(1.52) years old). A detailed 145 

description of the cohort is provided in Table 1 (the details regarding statistical comparison 146 

results provided in the table are described in the statistical analysis section below). None of the 147 

participants reported any psychiatric or neurological conditions. All participants had normal or 148 

corrected to normal vision and reported no hearing problems. Informed consent was obtained 149 

from all participants. Additionally, informed consent was obtained by parents or legal guardians 150 

of child participants. This study was approved by the Research Ethics Board of Simon Fraser 151 

University. 152 

 153 

MEG data collection 154 
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MEG data were collected using a 275 channel MEG system (CTF MEG Neuro Innovations, Inc; 155 

Coquitlam, Canada) in an AK3B magnetically shielded room (Vacuumschmelze GmbH & Co. 156 

KG; Hanau, Germany) at a sampling frequency of 1200 Hz. During data collection participants 157 

viewed a short movie clip projected onto a MEG-compatible screen 40 cm above their eyes 158 

while lying in supine position. Movie audio was presented via MEG compatible earphones which 159 

were inserted prior to the data collection and a short test was conducted to ensure that each 160 

participant could hear sound clearly in both ears. Each participant viewed the movie clip twice 161 

with a short break in between the presentations. All participants were instructed to pay attention 162 

to both movie presentations and to try to keep as still as possible. Head position in the dewar was 163 

recorded using three fiducial coils placed at the nasion and left and right preauricular locations. 164 

To enable co-registration between the MEG and structural MR image coordinate systems, each 165 

participant’s head shape and fiducial coil locations were digitalized with a Polhemus FASTRAK 166 

digitizer (Polhemus; Vermont, USA) prior to the MEG data collection.  167 

 168 

MRI data collection 169 

Most of the participants (22 adults and 18 children) attended the second session of data 170 

collection when a T1-weighted anatomical image was collected using a Philips 3T Ingenia CX 171 

scanner with the following settings - TE = 3.7 ms, flip angle = 8°, FOV = 256 × 242, matrix size 172 

= 256 × 242, slice thickness = 1 mm, number of slices = 213, sagittal orientation. Two child 173 

participants, however, did not return for the second session of data collection thus the T1-174 

weighted image was not available for them. For these two participants we selected the best 175 

matched MRI from the pool of other 18 participants based on the mean distance between each 176 

Polhemus point and the closest point on the skull surface derived from the segmented T1 image 177 

using Fieldtrip toolbox (Oostenveld et al., 2011). The same procedure was previously 178 

successfully applied in the children cohort of similar age (Kozhemiako et al., 2020, 2019). 179 

 180 

Stimulus paradigm 181 

The movie clip presented during MEG recording was 4 min 32 s long and consisted of scenes 182 

from the movie “Charlie and the chocolate factory”, 2005 directed by Tim Burton. Here we used 183 

‘movie frame’ as a term to describe a single image in a movie (24 frames per second) and ‘movie 184 

scene’ to denote a movie segment (minimum 15 movie frames long but usually lasting several 185 
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seconds) composed of some number of similar frames. The movie clip was manually divided 186 

into scenes for the purpose of further scene classification. In addition, to ensure the precision of 187 

time-locked analysis, the first five frames of each scene were marked by a white circle that 188 

would appear on the black background (Fig1, b). A photodiode was fixed at the location on the 189 

screen where the white circle was projected during movie presentation to detect changes in 190 

luminance. The photodiode signal was used to identify the precise time when each scene 191 

appeared on the screen. Each movie scene was manually classified into different categories 192 

which included the scenes containing primarily faces (51 occurrences). For the time-locked 193 

analysis, we combined the scenes from both movie presentations and used the time when each 194 

scene with a face appeared on the screen to define the epochs (102 one-second-long epochs in 195 

total). For PseudoZ calculation, other scenes picturing hand manipulations, distant human 196 

bodies, sceneries, and non-living objects (78 in total) were used to define epochs based on which 197 

the noise covariance was computed (described in detail in PseudoZ subsection below). In 198 

addition, we conducted a control analysis to rule out the possibility that differences between 199 

groups were produced by some artifact shared between different conditions (e.g. signal leakage 200 

due to volume conduction). We used scenes with hands manipulations (58 in total) to define 201 

epochs for the control analysis. 202 

 203 

Data preprocessing 204 

To control for the effects of excessive head movement, time points with movement exceeding 10 205 

mm threshold (in any direction for any of the three fiducial coils) were detected and the epochs 206 

that overlapped in time with excessive movement were excluded from the analysis. For the 207 

included epochs the median of head movement was computed for each participant to investigate 208 

potential group differences. Next, the data were visually inspected to identify and exclude bad 209 

channels. A band-pass filter from 1 to 150 Hz was applied to the data and line noise was 210 

removed by applying a notch-filter at the power line frequency of 60 Hz and harmonics. 211 

Independent component analysis was applied, and components composed of oculographic (e.g., 212 

blinks, saccades) and cardiac artifacts were removed after visual inspection. One-second epochs 213 

were later extracted based on the stimulus onset timing spanning a 0.5 s pre-stimulus and 0.5 s 214 

post-stimulus interval. 215 

 216 
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Sensor level time-locked responses 217 

We investigated sensor level time-locked responses to scenes with faces to define the time 218 

windows of interest for whole brain activation and phase synchronization analysis. The Fieldtrip 219 

toolbox was used to low-pass filter at 40 Hz and down sample the epochs to 300 Hz to reduce 220 

computational load for the statistical analysis (described below)(Oostenveld et al., 2011). Then 221 

the epochs time-locked to the stimulus onset were averaged in children and adults. A magnetic 222 

counterpart of global field power, GFPm was computed as a root mean square across all MEG 223 

sensors and baseline corrected using the time interval from -200ms to stimulus onset.  224 

 225 

Source modeling  226 

The T1-weighted MRI image of each participant was realigned based on the coordinates of 227 

fiducial coils and segmented in order to extract cortical, skull and scalp surface using the 228 

Fieldtrip toolbox. A single-shell head-model was generated based on each participant inner skull 229 

surface. Geometry of cortical surface for each participant was reconstructed using Freesurfer 230 

resulting in a cortical mesh of 4002 vertices per hemisphere on the standard space (Fischl et al., 231 

1999). The forward solution was generated for each vertex from the cortical mesh using the 232 

Fieldtrip toolbox.  233 

 234 

PseudoZ calculation 235 

As a proxy to brain activation, we computed PseudoZ for each vertex on the cortical mesh using 236 

a scalar beamformer for sources oriented orthogonal to the cortical surface (see Nunes et al., 237 

(2019) for details). Essentially, PseudoZ reflects the ratio of event-related source power at a 238 

given time to the source power at time of no interest. In our case, time of interest was defined as 239 

0-500ms of all epochs when faces were displayed on the foreground (102 in total). Noise 240 

covariance was computed based on other epochs including distant bodies, sceneries and non-241 

living objects (78 in total). Such approach essentially contrasts the activation pattern elicited 242 

during the scenes with faces to the activation elicited during other scenes with no faces on the 243 

screen. Alternatively stated, PseudoZ values will be high only if the activation was specific to 244 

scenes with faces and was not present during other scenes. To estimate dynamic changes in 245 

evoked activation, PseudoZ was computed for four time-windows of interest delineated based on 246 

visual inspection of GFPm peaks observed in both groups (Figure 2) and previous literature 247 
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reporting most common components elicited by face stimuli (Puce et al., 2013). This resulted in 248 

the following time-windows of interest: 50-120ms approximately corresponding to M100 249 

component, 120-190ms approximately corresponding to M170 component, 190-330ms 250 

approximately corresponding to M250 component and 330-470ms approximately corresponding 251 

to M400 component consistent with previously reported ERFs elicited by face stimuli. 252 

 253 

Source reconstruction and intertrial phase synchronization 254 

Using a scalar beamformer we computed spatial filters to reconstruct the time series of each 255 

vertex (see Nunes et al. 2019 for details). For the purpose of dimensionality reduction, we used 256 

the ROIs defined by Multimodal Parcellation Atlas (MPA) to compute intertrial phase 257 

synchronization (Glasser et al., 2016). In total, MPA outlines 362 cortical areas. In our analysis 258 

we included 360 cortical areas excluding medial wall ROI in both hemispheres. Note that even 259 

though the number of ROIs exceeds the number of channels, in our analysis we do not set an 260 

assumption that the signals in ROIs are linearly independent. Glasser and coauthors also 261 

provided the list of 22 groups encompassing ROIs with similar location, anatomical and 262 

functional properties. We use these groups to label the ROIs in Figures 4 and 5. Those include: 263 

Primary Visual Cortex (PVC), Early Visual Cortex (EVC), Dorsal Stream Visual Cortex 264 

(DSVC), Ventral Stream Visual Cortex (VSVC), MT+ Complex and Neighboring Visual Areas 265 

(MT), Somatosensory and Motor cortex (SMS MOTOR), Paracentral Lobular and Mid Cingulate 266 

Cortex (PCL MCC), Premotor Cortex (PMC), Posterior Opercular Cortex (POC), Early Auditory 267 

Cortex (EAC), Auditory Association Cortex (AAC), Insular and Frontal Opercular Cortex (Ins 268 

FOC), Medial Temporal Cortex (MTC), Lateral Temporal Cortex (LTC), Temporo-Parieto-269 

Occipital Junction (TPOJ), Superior Parietal Cortex (SPC), Inferior Parietal Cortex (IPC), 270 

Posterior Cingulate Cortex (PCC), Anterior Cingulate and Medial Prefrontal Cortex (ACC 271 

MPC), Orbital and Polar Frontal Cortex (Or PFC), Inferior Frontal Cortex (IFC), Dorsolateral 272 

Prefrontal Cortex (DLPFC).  273 

Prior to Sample Phase Locking Value (sPLV) calculation, each ROI time course was estimated 274 

by averaging time courses of all vertices within the ROI boundaries accounting for arbitrary 275 

polarity as described in Nunes et. al (2019). Then spectral decomposition using a continuous 276 

wavelet transform centered at 15 frequency bins spaced on a logarithm scale from 4 to 40Hz (we 277 

decided to avoid high gamma frequency due to its high sensitivity to muscle artifacts) was 278 
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performed and sPLV between the signals of ROI pairs was computed for each sample from -279 

200ms to 500ms as: 280 

, , , = 1 , ( , ) 
where N is the number of epochs,  is the phase difference between x and y at time t and 281 

frequency f. As in the PseudoZ analysis, sPLV was then averaged within four time-windows (50-282 

120ms, 120-190ms, 190-330ms and 330-470ms) and baseline corrected (baseline interval from -283 

200ms to stimulus onset) to remove non-task related spurious synchronization. 284 

 285 

 286 

 287 

Statistical analysis 288 

Mean-centered Partial Least Squares (PLS) analysis (Krishnan et al., 2011; McIntosh and 289 

Lobaugh, 2004) was selected to perform statistical testing of group differences between children 290 

and adult participants due to its numerous advantages. First, it is a multivariate approach that 291 

considers multiple features at once when testing group differences and produces a single p-value 292 

providing a method for addressing multiple comparisons in a manner well-suited for 293 

neuroimaging studies. Second, it is very tolerant of high collinearity in data which is 294 

characteristic of neuroimaging. Third, PLS uses permutation and bootstrapping techniques to test 295 

the significance and robustness of the results and, thus, can be used even if the data does not 296 

meet the assumption of normality. Fourth, there is no need to specify a predefined group contrast 297 

when using the mean-centered PLS as it generates a data-driven group contrast fully based on 298 

existing data. In our analysis we used PLS toolbox (v.6.15.1) implemented in Matlab 299 

(https://www.rotman-baycrest.on.ca/index.php?section=84). 300 

 301 

PLS analysis uses singular value decomposition to extract latent variables (LV) which express 302 

the most variance in the data. For mean-centered PLS, data is organized in a 2D matrix (number 303 

of participants x features) for each group (children and adult participants). Subsequently, the data 304 

matrices are mean-centered and averaged across participants of each group resulting in two 305 

vectors. They are then transposed and combined into a 2D matrix (features x number of groups) 306 

that is subjected to singular value decomposition (SVD). That is why the number of LV is 307 
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always equal to the number of groups for mean-centered PLS. Each LV is composed of three 308 

elements: 309 

(1) A singular vector that represents a data-driven group contrast.  310 

(2) A singular value that indicates the total variance of the data expressed by this LV. The 311 

latter is used to test the LV significance using a global permutation test, as follows. First a null 312 

distribution is created by randomly permuting participants between the group data matrices, 313 

mean-centering and averaging the permuted group data matrices. Then SVD is performed to 314 

extract LVs based on permuted data and their singular values are saved. After repeating the 315 

above steps n number of times (in our case we used 3000 permutations for each PLS analysis), 316 

the p-value for the original un-permuted data is computed based on how many randomly 317 

generated singular values were larger than the original singular value divided by the number of 318 

permutations. In other words, we compute the probability to observe an LV based on a randomly 319 

permuted sample that captures the same or more variance as the LV of the original sample. 320 

  (3) A singular vector is produced which expresses SVD loadings for each data feature 321 

(e.g, time points for GFPm, vertices for PseudoZ and pairs of ROIs for PLV). Series of 322 

bootstraps were used later to generate bootstrap ratios for each data-feature that demonstrate the 323 

contribution of each data-feature to the group contrast and could be interpreted as a z-score. 324 

Specifically we used 3000 bootstrapping rounds for each PLS analysis. In the Results section, we 325 

report spatial distribution of z-scores on the brain surface (e.g., Fig. 3) or as a connectivity matrix 326 

(Fig.4b, Fig.5b). The z-score threshold of −2 and +2 approximately corresponds to the 95% 327 

confidence interval (McIntosh and Lobaugh, 2004). 328 

 329 

In total, nine PLS tests were run for the face-processing analysis. We used a single PLS analysis 330 

to compare the GFPm at each time point of the post-stimulus time interval between 50ms and 331 

500ms between children and adults. We used a separate PLS analysis for each time-window (that 332 

is, four altogether) to compare PseudoZ between groups at all vertices. Similarly, four PLS 333 

analyses were performed testing connectivity differences between groups during four time-334 

windows. The same number of PLS tests were run for the control analysis. Although having two 335 

group comparison results in two LVs for each PLS test, in our analyses we always focused on the 336 

first LV because it explained the largest portion of variance. To account for conducting multiple 337 
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PLS comparisons, the p-values for PseudoZ activations and connectivity comparisons were 338 

adjusted for multiple comparisons using the Bonferroni method.  339 

 340 

To test if male/female or left-handed/right-handed participant proportions were different between 341 

children and adult samples we used a Chi-square test. To test if there were differences in age, 342 

head size, head motion and number of included epochs we used a two-tailed t-test. The results 343 

are presented in Table 1. 344 

 345 

 346 

RESULTS 347 

 348 

We first investigated event related neuromagnetic activation at the sensor level. To this end, we 349 

computed global field power (GFPm) across all MEG sensors and averaged it across face epochs 350 

in every individual. The results were further averaged across individuals separately for each 351 

group and the corresponding waveforms are illustrated in Figure 2. To identify time points where 352 

GFPm were significantly different between children and adults we ran a PLS analysis. The 353 

comparison revealed significant differences between children and adults (p = 0.018). To identify 354 

the time points when differences between groups were the most robust, we used a z-score 355 

threshold of 2 and -2. We plotted time points with z-score > 2 with stars markers indicating 356 

higher GFPm in adults and time points < -2 with circle markers which can be interpreted as 357 

higher GFPm in children compared to adults. Based on PLS z-scores, adults had higher GFPm 358 

during 230-260ms that corresponds to M250 event related component. In contrast, children 359 

exhibited increased GFPm between 410 and 460ms compared to adults. 360 

 361 

PseudoZ activation elicited by faces in children and adults 362 

 363 

Based on GFPm waveform peaks, we defined four time-windows of interest (50-120ms, 120-364 

190ms, 190-330ms and 330-470ms) for which PseudoZ was computed to assess the spatial 365 

distribution of time-locked activation in response to face stimuli. PseudoZ activation for each 366 

time-window averaged for children and adults is plotted on the brain surface in Figure 3. During 367 

the first time-window (50-120ms) in both groups the PseudoZ activation was located in the 368 
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occipital lobe corresponding to primary and early visual cortex. During the second time-window 369 

(120-190ms) the activation protracted in lateral and inferior direction following the ventral visual 370 

stream. During the third and fourth time-windows the PseudoZ values started to diminish in both 371 

groups. In adults, however, during 190-330ms time-window PseudoZ activation was still visually 372 

apparent lateralized to right hemisphere in lateral occipital cortex and posterior part of superior 373 

and middle temporal gyri. A similar pattern was absent in child participants. 374 

 375 

 376 

To assess if there were significant differences in PseudoZ activation between children and adults, 377 

we ran four separate PLS analyses (one for each time-window). The comparison of all but first 378 

time-window (padj = 0.76) revealed significant differences between children and adults in the 379 

time-locked cortical activation in response to face appearances on the screen. During 120-190ms 380 

PseudoZ activation in adults was higher (padj = 0.0188) in the occipital, parietal and temporal 381 

lobe of the left hemisphere (Figure 4A). More precisely, the areas with the highest z-scores 382 

included lateral occipital, inferior parietal areas as well as middle and superior temporal gyri. 383 

Children, however, expressed higher activity in right marginal gyrus and right frontal cortical 384 

areas corresponding to posterior part of middle frontal gyrus and the frontal eye field. 385 

PLS comparison of PseudoZ activation at 190-330ms also revealed significant differences (padj = 386 

0.0428) between child and adult participants (Figure 4B). Higher time-locked activation was 387 

observed in adults in right posterior STS, left temporal parietal junction, posterior cingulate 388 

cortex bilaterally and left medial orbitofrontal cortex. During the last time-window (330-470ms), 389 

however, the pattern of differences changed. Children expressed overall higher (padj = 0.004) 390 

PseudoZ activation compared to adults. These group differences were the most prominent in left 391 

parietal lobe and supplemental motor area, bilateral inferior temporal cortex, inferior frontal 392 

cortex, and medial orbitofrontal cortex.  393 

 394 

Whole-brain connectivity differences between children and adults 395 

 396 

To investigate interregional phase synchrony between cortical regions we computed sPLV for 397 

cortical ROIs defined in the MPA. Similarly to the PseudoZ activation comparisons, we ran four 398 

PLS analyses (one for each time-window). The results revealed significant differences between 399 
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children and adults during two time-windows – 120-190ms (padj = 0.004, Figure 5) and 190-400 

330ms (padj = 0.028, Figure 6). For the first and the last time-window sPLV was not different 401 

between children and adults (padj = 0.52 and padj = 0.8, respectively). To investigate which 402 

frequencies contributed the most to the group differences, we computed the number of 403 

connections with the lowest (< -2) and highest (>2 ) PLS z-scores for each frequency bin (Figure 404 

5A and Figure 6A). For both time-windows we observed the same pattern of increased 405 

connectivity in adults in lower frequency bins (theta - lower alpha band) peaking at 6.7 Hz at 406 

120-190ms and 5.7Hz at 190-330ms. The spatial patterns were also similar between the two 407 

time-windows. Higher phase synchrony in adults was observed among visual areas including 408 

primary and early visual cortex, dorsal and ventral visual streams and MT complex. These areas 409 

also exhibited increased connectivity with higher order areas including medial and lateral 410 

temporal cortex, TPOJ areas, parietal cortex, posterior and anterior cingulate cortex and medial 411 

and orbital prefrontal cortex. The connectivity within these higher order areas also was increased 412 

in adults compared to children especially during the second time-window (120-190ms).  413 

 414 

Control analyses 415 

We conducted additional analyses using hand scenes (since this was the second largest category 416 

of movie scenes) to investigate whether differences in PseudoZ activation and phase 417 

synchronization were only present during face scenes. The motivation behind it was not to 418 

investigate hand-face contrast (the difference between faces and hands condition was extensively 419 

investigated in a previous study using a cohort of adult participants (Nunes et al., 2020), but to 420 

rule out the possibility of shared artifactual influences that would produce differences between 421 

children and adults. For example, if the differences in sPLV between children and adults were 422 

only due to differential impact of volume conduction affecting sPLV estimation or differences in 423 

PseudoZ activation were due to lack of attention paid by children, such differences would not be 424 

condition specific (e.g. we would observe them during faces as well as hands condition).  425 

Therefore, we repeated all steps of the analysis using epochs defined based on movie scenes 426 

displaying hands and hand manipulations on the foreground (58 in total). The comparison of 427 

GFPm was not significant between children and adults (p = 0.74, Figure 7A). The comparison of 428 

PseudoZ activation, however, revealed significant differences between children and adults (padj = 429 

0.036) for the last time window (330-470ms, Figure 6B) and the overall pattern of differences 430 
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matched very closely the results revealed for face condition in this time window (Figure 3C). 431 

Therefore, we interpret differences for this time-window for the main analysis with caution. The 432 

comparisons of PseudoZ activation during other time windows were not significant (50-120ms, 433 

120-190ms, 190-330ms; padj < 0.4 for all). When we compared phase synchronization for hand 434 

epochs across the same ROIs, the connectivity during all time-windows was not significantly 435 

different between children and adults (50-120ms, 120-190ms, 190-330ms, 330-470ms, padj < 436 

0.75 for all). 437 

 438 

 439 

DISCUSSION 440 

 441 

In this study we present novel findings on how face processing differs between children and 442 

adults in terms of whole brain activation patterns and inter-regional phase locking elicited by 443 

faces during movie watching. Instead of a standard paradigm where simplistic face stimuli are 444 

presented repeatedly, our participants viewed a movie where scenes with faces on the foreground 445 

were used to define epochs of interest. Naturalistic stimuli allow the study of face processing 446 

when other factors common in day-to-day situations (e.g., natural speech, non-static facial 447 

expressions, changing emotional status) are present. Due to potential interaction between 448 

primary face-processing areas and the rest of the cortex to process the complex stimuli, we 449 

conducted a large-scale whole-brain analysis of activation and connectivity rather than focusing 450 

on a subset of selected areas. Moreover, we investigated group differences using PLS analysis in 451 

the multi-variate data-driven way with no statistical a priori assumption about a group contrast 452 

or data normality. Our results show that although children and adults exhibit similar activation 453 

pattern and interregional connectivity during early stages of face processing (50-120ms), the 454 

later phases of face-elicited activation and synchronization are different. Adults expressed 455 

stronger activation and inter-regional connectivity compared to children. Spatially, the effects 456 

were observed in the core face-processing regions as well as higher-order areas involved in the 457 

extended face-processing network.  458 

 459 

The earliest significant difference in face-related activation pattern between children and adults 460 

was observed between 120 and 190ms. Our results indicated that adults compared to children 461 
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exhibited higher activation in occipital, inferior parietal, and middle and superior temporal cortex 462 

in the left hemisphere (Figure 4 A). The latency of this time-window approximately corresponds 463 

to one of the most studied face-selective ERP components – the N170 that is believed to 464 

originate as a result the FG activation (for a review see Eimer, 2011). Note that this waveform is 465 

extensively studied by both EEG and MEG (referred to as M170) and has been shown to reflect 466 

similar cortical sources across both modalities (Deffke et al., 2007). Although typical right-467 

hemisphere dominance of the FG is widely reported (Dehaene and Cohen, 2011; Li et al., 2013), 468 

cortical networks specialized in face processing are distributed across both hemispheres (Haxby 469 

and Gobbini, 2011). There is evidence that in contrast to right FG, left hemispheric activation in 470 

FG is modulated by the contextual information surrounding face stimuli (Meng et al., 2012). 471 

Similarly, an ERP study that aimed to investigate the impact of the visual scene context on face 472 

processing found that fearful context elicited higher amplitude of N170 in occipito-temporal sites 473 

of the left hemisphere (Righart and De Gelder, 2006). Given that our stimulus set consisted of 474 

scenes with faces during the movie presentation, these stimuli entailed a rich variation in face 475 

position, orientation and the visual background surrounding faces and provided extra contextual 476 

information. Accordingly, it is likely that such left-hemispheric modulation might be less 477 

developed in children and reflected as lower posterior left-hemispheric activation in children 478 

compared to adults. Such an assumption, however, needs to be supported by future studies 479 

specifically designed to test this hypothesis. 480 

 481 

The 190-330ms time-window after face onset revealed group differences in both PseudoZ 482 

activation and GFPm analysis. Adults had significantly higher GFPm around 250ms, closely 483 

corresponding to the latency of N250 (M250 in MEG) component. Interestingly, N250 has been 484 

reported to be modulated by face repetition (that happens naturally during movie), reflecting the 485 

perceptual recognition of the individual stimuli (Schweinberger et al., 2002). A recent study 486 

demonstrated that the amplitude of M250 was higher for repeated vs not-repeated faces in adults 487 

but in 4-6 year old children the amplitude was stable between the two conditions (He and 488 

Johnson, 2018). While such results are congruent with our finding of higher GFPm at 230-270ms 489 

in adults compared to children and might be linked to character recognition in the movie, future 490 

research will have to confirm face repetition as a main reason for such findings.  491 

 492 
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Group differences in PseudoZ activation included higher activation of the right posterior STS, 493 

left temporal parietal junction, posterior cingulate cortex bilaterally and left medial orbitofrontal 494 

cortex in adults as compared to children. There is evidence that superior temporal gyrus is 495 

involved in the recognition of dynamic properties of facial expression (dorsal visual stream) 496 

while fusiform gyrus (ventral visual stream) is engaged in processing invariant facial aspects 497 

(Bernstein and Yovel, 2015). Activation in pSTS was shown to be modulated by facial 498 

expressions of emotion, speech-lip reading and eye-gaze shifts (Schobert et al., 2018). Similarly, 499 

the comparison between static and dynamic facial expressions demonstrated enhanced activation 500 

of STS (Arsalidou et al., 2011). Behavioral research, however, indicates that while dynamic 501 

facial expressions reliably improve emotion recognition in adults, it does not have a similar 502 

effect on children aged between 4 and 10 years old (Krumhuber et al., 2013; Widen and Russell, 503 

2015). Speculatively, our findings of decreased activation of pSTS in children compared to 504 

adults could reflect the absence of dynamic face recognition that develops later on.  505 

 506 

There is evidence that medial orbitofrontal cortex demonstrates robust face-selective activation 507 

(Troiani et al., 2016) which is modulated by emotional status, attractiveness and social context of 508 

face stimuli (Pegors et al., 2015). Interestingly, PCC and TPOJ areas were shown to be activated 509 

when familiar faces were presented to the participants (Haxby and Gobbini, 2011). In addition, 510 

the PCC activation has been linked to empathy elicited by viewing of emotional faces (Del 511 

Casale et al., 2017). Our results demonstrated that activation in these areas in children did not 512 

reach the adult level which might explain previous behavioral findings of immaturity in these 513 

higher level aspects of face processing (de Haan, 2011; Decety, 2010). Due to the limited 514 

number of scenes with faces we were unable to further stratify face epoch based on their 515 

emotional content but future studies should test this hypothesis by examining emotional content 516 

of face stimuli in a movie.  517 

 518 

Our findings also indicated that there were significant differences in cortical activation during 519 

330-450ms. Children displayed a global pattern of higher wide-spread activation across the 520 

brain. Our control analysis (Figure 7 B), however, revealed that such overactivation was not 521 

specific to the face condition but was also present when the epochs were time-locked to the 522 

appearance of hands on the screen. Thus, it might represent general overactivation elicited by the 523 
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complex stimuli flow in children due to the fact that multiple neural mechanisms are still not 524 

fully matured and undergoing fine tuning to increase specificity and efficiency via synaptic 525 

pruning (Benasich and Ribary, 2018). 526 

 527 

Lastly, our results demonstrated that between 120 and 330ms children and adults expressed 528 

differences in inter-regional connectivity. A clear pattern of higher connectivity in early visual 529 

cortex, dorsal and ventral visual streams and MT-complex in slower frequencies (theta and lower 530 

alpha) was observed in adults and was not as evident in children. A recent MEG study reported 531 

organizational changes in effective connectivity structure between OFA, FG and STS in the left 532 

and right hemispheres and different modulation of connectivity strength elicited by face vs 533 

scrambled face stimuli in children and adults (He et al., 2015b). There are similar recent findings 534 

demonstrating that resting-state connectivity within core face-processing network as well as task-535 

based connectivity exhibit age-related increase (Haist et al., 2013; Kadosh et al., 2011; Song et 536 

al., 2015). The frequency specificity of our findings is also of interest. It has been shown that low 537 

frequency oscillations in face-sensitive areas are modulated by motion and different face-related 538 

information such as emotional expression and identity (Furl et al., 2014; Güntekin and Başar, 539 

2014; Popov et al., 2013). Theta synchronization has been shown to be enhanced by presentation 540 

of emotional faces (Knyazev et al., 2009). Another study demonstrated that low-frequency 541 

oscillations induced by dynamic faces encode identity, configural information and motion of 542 

dynamic stimuli (Furl et al., 2017). Based on our findings of decreased theta-alpha connectivity 543 

in children compared to adults we can hypothesize that such modulation by different aspects of 544 

facial-related information as well as motion is still undergoing developmental tuning in the age 545 

range of 10-12 years. Such an interpretation could be tested in the future by extending the age 546 

range to adolescence to track the connectivity change in this frequency range.  547 

 548 

Our results of increased phase synchronization in adults also involved connections between 549 

visual areas and higher order cortical regions including medial and lateral temporal cortex, TPOJ 550 

areas, parietal cortex, posterior and anterior cingulate cortex, medial and orbital prefrontal 551 

cortex. The connectivity involving these higher-order areas was also increased in adults 552 

compared to children. Previously, two fMRI studies used connectivity analysis to extend their 553 

regions of interest beyond the core face network. However, their results were somewhat 554 
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contradictory (but not mutually exclusive) with one study reporting higher connectivity in adults 555 

compared to children (Joseph et al., 2012) whereas another reported a negative correlation 556 

between age and connectivity between the core and extended network (Wang et al., 2018). 557 

Speculatively, given the nature of our stimuli, such an interaction is needed to support the 558 

integration of incoming information about face emotion, identity and context within the movie. 559 

This suggestion is based on multiple lines of evidence indicating the importance of extended the 560 

face-processing network in addition to core face selective regions in higher level aspects of face 561 

processing. Those include conscious representations of emotional states, behavior regulation in 562 

social situations, reading intentions and predicting future actions (de Haan, 2011). Such 563 

functions are supported by coordinated activity between anterior temporal cortex, TPJ areas, 564 

precuneus, inferior frontal gyrus, medial prefrontal and orbitofrontal cortex, anterior cingulate 565 

cortex (Gobbini and Haxby, 2007; Haxby et al., 2000). Efficient communication between these 566 

regions is needed for extraction and processing of plentiful information secluded in naturalistic 567 

faces.  568 

 569 

Our study is not without limitations. Although movie viewing is widely considered to better 570 

mimic real-life stimuli compared to standard paradigms, it still differs from the real-life 571 

experience in multiple respects that could affect the perception and brain processing, and this 572 

should be taken into account. Since our aim was to investigate face processing using a novel 573 

complex paradigm, we employed an exploratory rather than a hypothesis driven approach. While 574 

being advantageous for generating new data-driven results that can be used for setting specific 575 

hypotheses, our results should be confirmed by future studies. Since no standard face stimuli 576 

paradigm data was available for our cohort, we were unable to conduct a direct comparison of 577 

developmental differences based on the movie and standard face stimuli. Therefore, our attempt 578 

to contextualize our findings with respect to already existing reports should be interpreted with 579 

caution. Lastly, the limited sample size means that further replication of these results is 580 

warranted, and that other potential developmental effects associated with face processing may 581 

not have been detectable with this sample size and should be probed by future studies with larger 582 

cohorts. 583 

 584 
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Overall, our findings provide important new insights on how face processing differs between 585 

children and adults within a dynamic naturalistic-context of a movie-setting. It supports and 586 

extends the existing evidence of profound maturational changes in both core face-processing 587 

network and an extended system of higher order cortical areas. Notably, we used a naturalistic 588 

paradigm to investigate face processing in a time-locked manner that allowed us to preserve 589 

ecological validity of the stimuli while still focusing on face related neural processes. Our results 590 

further support the possibility of exploiting naturalistic stimuli to investigate specific questions 591 

regarding sensory processing as an alternative to standard paradigms.  592 

 593 

 594 
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FIGURE LEGENDS 727 

 728 

Figure 1. Schematic illustration of study design and analysis workflow. A. Two movie 729 
presentations (4 min 32s each) composed of scenes from “Charlie and the chocolate factory” 730 
(2005) were presented to children and adult participants with a short break in between. During 731 
movie watching MEG data were collected for each participant. We also recorded a photodiode 732 
signal registering the change in luminance at each new scene due to the white dot on the black 733 
background placed on the first five frames of each new scene. B. Scenes containing faces (51 per 734 
movie clip and 102 in total) were extracted and the photodiode signal was used to define the 735 
1000 ms epochs (500 ms pre- and 500 ms post-stimulus interval) with time at zero indicating 736 
onset of face scenes. Subsequently, epochs were used to compute GFPm separately for children 737 
and adults. GFPm peaks were later used to define the time-windows of interest. C. For each of 738 
the time-windows of interest we computed PseudoZ to assess cortical activation elicited by face 739 
scenes and intertrial phase synchronization to evaluate cortical connectivity time-locked to face 740 
scenes onset. B. Resulting measures were tested for significant differences between children and 741 
adult participants. 742 
 743 

 744 

Figure 2. Difference in the time-locked responses to face scenes during movie watching 745 

between child and adult groups. The PLS analysis of GFPm across time points from 50 to 500 746 

ms indicated significant group differences (p = 0.018). GFPm in adults (in green) and children 747 

(in grey) averaged across all MEG channels and face epochs. The shadow represents standard 748 

error and star markers illustrate time points were adults had higher GFPm compared to children 749 

based on PLS z-score threshold (z-score > 2) whereas circle markers represent the opposite (z-750 

score <-2). The rectangular shaded areas illustrate the time-windows chosen for further analysis 751 

– 50-120ms, 120-190ms, 190-330ms and 330-470ms. SE – standard error. 752 

 753 

Figure 3. Spatial distribution of brain activation induced by faces during movie watching in 754 

adults and children. PseudoZ was averaged across four time-windows (50-120ms, 120-190ms, 755 

190-330ms and 330-470ms) which were defined based on the time-locked responses illustrated 756 

on Fig1A (please note that this is a qualitative illustration and PseudoZ values are not 757 

statistically thresholded).  758 

 759 

 760 

 761 
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Figure 4. Differences in PseudoZ activation elicited by faces during movie watching in adults 762 

vs children. A – PLS z-score distribution during 120-190ms; B – PLS z-score distribution during 763 

190-330ms; C – PLS z-score distribution during 330-470ms. Areas in red correspond to the 764 

positive z-score meaning higher activation in adults compared to children. Areas in blue 765 

correspond to negative z-score and represent higher activation in children compared to adults.  766 

 767 

 768 

 769 

Figure 5 Adults display higher intertrial synchrony compared to children while viewing faces 770 

during 120-190ms 771 

A – Number of connections with highest (> 2, in red) or lowest (< -2, in blue) z-score across 772 

frequency bins. B – z-score distribution across connections for frequency bin with the highest 773 

number of connections with z-score above the selected threshold (6.7 Hz). C – connectivity 774 

matrix for adults and for children (D) at the same frequency bin.  775 

 776 

 777 

 778 

Figure 6 Increased intertrial synchrony in adults compared to children while viewing faces 779 

during 190-330ms time-window 780 

A – Number of connections with PLS z-score higher than 2 (in red) or lower than -2 (in blue) 781 

across frequency bins. B – z-score distribution across connections for the frequency bin with the 782 

highest number of connections with z-score above the selected threshold (5.7 Hz). C – 783 

connectivity matrix for adults and for children (D) in the same frequency bin.  784 

 785 

 786 

 787 

Figure 7 The control analysis of GFPm, PseudoZ activation and inter-regional connectivity 788 

elicited by movie scenes with hands and hands manipulations between children and adults. 789 

A – No significant differences in GFPm between children and adults (p = 0.74). GFPm in adults 790 

(in green) and children (in grey) averaged across all MEG channels and face epochs. The 791 

shadow represents standard error. B– PLS z-score distribution during 330-470ms reflecting 792 
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significant group differences between children and adults during hand condition (padj = 0.036). 793 

Areas in red correspond to the positive z-score meaning higher activation in adults compared to 794 

children. Areas in blue correspond to negative z-score and represent higher activation in 795 

children compared to adults. 796 

 797 
















