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 Figure S1, relates to Figure 3 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Polar angle maps and borders of retinotopic regions of a representative 

younger and older subject are displayed on the same subjects’ inflated and 

flattened cortical surfaces. (B) Depth decoding performance (d-prime and 

accuracy) for all retinotopic regions of interest is plotted per condition and age 

group. Error bars: 95%CI. Stars indicate p>0.05, Bonferroni-corrected, for 

description of analysis and p-values see Table S1.  

We note that there is a (non-significant) trend for decoding for combined 

cues (DM) to be higher than for single cues (D or M) and conflicting cues (D-M) in 

visual ROIs along the cortical hierarchy – although only area V3B showed robust 

evidence for age-related changes in sensory fusion. This pattern differs 

somewhat from that seen by Ban et al. This may be (i) due to differences across 

experimental set-ups, or (ii) because aspects of sensory fusion are still 

developing between the ages of 10.5-12 years (as seen here) and adulthood (as 

reported previously). For example, initially, low-level areas may be recruited 

when children first start combining cues, and processing may gradually become 

more focused around area V3B. While we observe a clear shift in cortical function 

around the age when perceptual changes in sensory integration occur, it would 

be interesting to track development further, from age 10-12 years to adulthood to 

distinguish these possibilities. 



  

 
Figure S2, relates to Figure 3 

 

(A) During the Vernier task in the scanner, subjects judged whether targets (white 

stripe) appeared to the left or right of the top red nonius line. Targets appeared 

once every 4 trials (twice per block) on average, at three distances left or right of 

the centre. Because the red line is only presented to the left eye, a biased point 

of subjective equality (PSE, 50% “on the right” responses) indicates vergence in 

front of (positive) or behind (negative) the screen. (B) To compare vergence 

shifts across age, we fitted individual psychometric functions (Cumulative 

Gaussians) through responses for near and far planes collapsed across all 

conditions, and computed the difference in PSE for each individual (plotted, mean 

± 95%CI). Four participants in the youngest group were excluded from the 

analysis, due to recording error (1) or because the functions fitted through their 

responses had a poor fit (GoF < 0.7). Subjects shifted their vergence across near 

and far stimuli by ~2 arcmins, a small proportion (~15%) of the total depth 

difference between the stimuli (12 arcmins). A trend for less vergence adjustment 

in the older age group did not reach statistical significance (t(23)=1.83, p=0.079). 

Crucially, there were no significant correlations between shifts in vergence and 

pattern classifier performance in any of the ROIs (largest Pearson’s r=0.30, 

p=0.15, in area V2, condition D), suggesting that vergence shifts did not drive 

voxel activation patterns, and hence are an unlikely explanation of our results. (C) 



  

Because there were not enough datapoints, we could not fit functions for each 

condition separately for each subject. To ensure that collapsing near and far trials 

across conditions was valid (vergence shifts were not opposite for some 

conditions) we obtained psychometric functions per condition by collapsing 

across all subjects within each group. In both groups, the PSE shifted in a 

consistent way across near and far planes for the D, DM and D-M conditions (B, 

top and bottom plots). Vergence did not shift across depths defined by motion 

(yellow lines). 

  



  

Figure S3, relates to Figure 3 

 

(A) Percent (%) fMRI signal change compared to the fixation baseline in the D, M 

and DM conditions, is visualized for each region of interest and age group (error 

bars: 95% CI). This was calculated from the mean response of the 400 voxels 

used for classification in each area. (B) To obtain a functional index of signal to 

noise, signal change was expressed in relation to the overall standard deviation 

of the signal Xstimulus- Xfixation/ SDstimulus + fixation (error bars: 95% CI).  Both signal 

indices show a similar pattern: ROI (10) x Condition (3) x Age (2) ANOVAs 

revealed that both measures differed across stimulus conditions D, M and DM, 

(% signal change: F(2,26)=29.5, p<0.01; signal to noise: F(2,26)=30.7, p<0.01), 

with slightly higher signal for DM stimuli. Crucially, there were no significant main 

effects of Age (% signal change: F(1,27)=2.1, p=0.16; signal to noise: 

F(1,27)=1.7, p=0.21), or interactions of Age with Condition (% signal change: 

F(2,26)=2.1, p=0.14; signal to noise: F(2,26)=1.9, p=0.17); or with Age, Condition 

and ROI (% signal change: F(5.9,156)=0.78, p=0.58; signal to noise: 

F(5.9,161.5)=0.39, p=0.88). Furthermore, neither % signal change nor signal to 

noise were correlated with classifier performance in V3B, the area in which we 

found robust age differences in indices of sensory integration (largest Pearson’s 

r=0.13, p=0.50). In sum, it is unlikely that age differences in our pattern classifier 

analysis were driven by differences in overall signal amplitude or functional signal 

to noise.  

  



  

Table S1, relates to Figure 2. 
 

Function Name Description Mean BIC 

Linear f(x) = p1*x + p2 -90.193 

Exponential f(x) = p1*exp(p2*x) -92.731 

Quadratic f(x) = p1*x^2 + p2*x + p3 -92.179 

Two lines with inflection 
Least square splines, 3 knots 

Slope1=0, slope 2=free -92.090 

Two lines with inflection 
Least square splines, 3 knots 

Slope1=free, slope 2=free -88.980 

 

To assess which function best captures the change in the integration indices in 

Figure 2A, we compared 5 plausible models: (1) a straight line, (2) an exponential 

increase, and (3) a quadratic change. We also fit the data with two straight lines 

connected by an inflection point using least square splines [S1], with (4) the slope 

of the first line set to zero (intercept, inflection-point and second slope free 

parameters), or (5) a freely varying first slope. For model comparison we used 

the Bayes Information Criterion, where the lowest value indicates the best-fitting 

model after model complexity is accounted for (i.e., models with more parameters 

are less parsimonious, so penalised). The best-fitting model was an exponential 

function. For DM vs. D-M: p1=7.25*10-05 (95% CI: -0.3152*10-4, 4.603*10-4) 

p2=0.6201 (95% CI: 0.1776, 1.062), R2=0.10. For DM vs. √D2+M2: p1=2.152*10-6 

(95% CI: -2.43e-05, 2.861e-05), p2=0.8641, (95% CI: -0.1314, 1.86), R2=0.15. 

The resulting curves (black, Fig. 2A) are in line with previous reports of no 

integration followed by integration in childhood [S2–S5], and with a gradual 

developmental process (not all children start integrating at exactly the same age). 

It is important to note, however, that model 3 (a quadratic function with a slight 

initial decrease followed by a steeper increase) and model 4 (a flat line 

connecting to an increasing slope) also had good fits to the data and led to 

similar conclusions that robust integration emerges around age 10.5 years. 

  



  

Table S2, relates to Figure 3 

 DM vs. D-M DM vs. √M2+D2 

 p-values p-values 

 <10.5 yrs >10.5 yrs age diff. <10.5 yrs >10.5 yrs age diff. 

V1 0.28 0.21 0.87 0.32 0.10 0.90 

V2 0.057 0.022* 0.89 0.49 0.069 0.46 

V3v 0.22 0.043* 0.59 0.58 0.094 0.56 

V3d 0.12 0.0084* 0.99 0.46 0.18 0.97 

V3A 0.086 0.0045* 0.09 0.66 0.035* 0.067 

V3B 0.43 0.0022* 0.04* 0.80 0.0048* 0.036* 

V4 0.76 0.49 0.52 0.85 0.37 0.78 

V7 0.071 0.12 0.91 0.10 0.64 0.77 

LO 0.94 0.0047* 0.20 0.10 0.77 0.11 

MT 0.79 0.0040* 0.11 0.27 0.22 0.095 

 

We tested which areas met the criteria for cue integration by comparing DM vs. 

D-M and DM vs. √(D2+M2), using paired t-tests. We also tested if the two 

integration indices DM - D-M and DM - √(D2+M2) differed significantly across age, 

using independent t-tests comparing index across age (results in table, * = 

p<0.05, underlined values survived Bonferroni correction). As explained in the 

main report, we specifically expected age-related changes in sensory fusion in 

area V3B (i.e. we had planned comparisons for this area based on three 

previously published studies). In younger children (<10.5 years), no area met 

both criteria for cue integration. In older children, area V3B met both criteria, and 

the age difference in both integration indices was significant (based on planned 

comparisons). We found a similar, but only marginally significant effect in area 

V3A. This is not surprising because V3A may have similar functional properties 

as V3B (since they are directly adjacent), and because slight inaccuracies in 

border identification may have miss-assigned parts of V3B to V3A.  

 

  



  

Supplemental Experimental Procedures 

Selection procedures for MRI 

We first tested a large number of subjects between ages 6-12 years 

behaviourally in our lab and a local school (76; 50 of whom met inclusion criteria 

and are included in Fig 2). We observed an increase in integration between ages 

8-12 years in this group. We then used identical procedures to test 67 more 

children in this smaller age range (53 of whom met inclusion criteria and are 

included in Fig 2), with the intention to select subjects for MRI. We invited 41 

children back for fMRI (29 of whom met inclusion criteria - magenta data points in 

Fig 2, and data in Fig 3). They were selected based on several considerations: 

(1) parents and children were willing to take part after the experimenter explained 

what fMRI involved, (2) families were available during scanning slots within ~6 

weeks of behavioural testing, (3) children met MRI safety criteria, (4) children 

appeared to not be very fidgety. We also attempted to (5) obtain a representative 

sample of each age group <10.5 & above >10.5 in terms of overall integration 

performance, and we aimed to (6) obtain age groups of equal size with good 

fMRI data quality (~15 subjects >10.5 years and <10.5 years).  

To ensure that age differences were not driven by age-related confounds 

in attention, compliance, etc., we had to prioritise data quality over inclusion. The 

pattern of results stayed similar with more lenient exclusion criteria (see 

“Participants” section in methods). We judge it unlikely that a basic perceptual 

function (i.e., sensory fusion) is sensitive to any population sampling biases this 

may have caused.  

 

Rewards for behavioral performance 

To keep child participants motivated, focussed and entertained throughout the 

experimental tasks, they were shown their score at the end of each experimental 

block (or run inside the scanner), creating a game-like element. Scores were 

converted into coins that could be used to “buy” small prizes at the end of the 

session. The number of coins won was indicated by the number of smiley faces 

next to the interval in which the score fell along a score-bar from 0-100. Although 

participants were not informed of this, we computed scores based on the easiest 

trials only, to reward attention rather than individual differences in perceptual 

ability. 

 



  

Procedures fMRI session 1 

Before collecting pattern classification fMRI data, we collected a high-resolution 

structural scan and retinotopic data from each subject in a separate fMRI 

session. BrainVoyager QX (BrainInnovation B.V.) was used to transform each 

subject’s T1-weighted 3D MPRAGE (1 mm3 voxel size, Bandwidth=190 Hz/pix, 

176 partitions, TR=8.4, TE=3.57, effective TI=1000 ms, flip angle=7 degrees) into 

Talairach space, inflate the cortex and create flattened surfaces of both 

hemispheres. We obtained retinotopic maps by measuring BOLD responses 

whilst subjects were presented with a rotating wedge stimulus overlaid with 

moving objects (polar angle mapper, cycles/run=6, eccentricity=~16°, 2 runs with 

clockwise, 2 counter-clockwise rotation). To stimulate fixation, subjects performed 

a central task: They detected brightness changes of the fixation dot during runs 1 

and 2, and they detected letters briefly flashed on top of the dot during runs 3 and 

4. We used a standard EPI sequence (TR=2.5s, volumes=132, slices=30 voxel 

size=3.2 cm3, axial plane, interleaved, bandwidth=1930 Hz/pix, TE= 39 ms, 

flip=90).  

 

Pre-procession steps session 1 and 2 

Preprocessing steps for all functional data collected during MRI sessions 1 

(retinotopic mapping) and 2 (depth cue integration), consisted of: initial volume 

removal (4 TRs), motion correction, slice time correction, linear trend removal 

and high-pass filtering (three cycles per run cut-off). We aligned functional runs to 

each subject’s anatomical scan and both were transformed into Talairach space. 

 

ROI selection 

We used Fourier analyses and Fourier F-tests to obtain polar angle phase maps, 

which were then projected onto the subject’s inflated cortical surface. Borders of 

visual areas of interest were identified for each individual following criteria derived 

from Ban et al. (2012). Previously, V3B/KO was mapped using a dedicated 

localiser. Due to limitations on scanning with young children, V3B was defined 

based on retinotopy alone. We identified the first appearance of upper field in 

superior visual cortex bordering V3, and estimated where the eccentricity 

minimum was between V3A and V3B [S6]. We then extended V3B down to the 

centre of gaze. This overlapped our V3B with an area that has been described as 

LO1 (e.g., [S7], and was activated by our V3B/KO localiser. The location of LO 

was informed by an object vs. scrambled object localiser Ban et al., 2012 did with 

adults, and follows [S8].  



  

 

 

Details of Searchlight analyses 

The searchlight analysis procedures are similar to those reported in [S9], to allow 

for comparison to adult data. Specifically, we performed the searchlight analysis 

in volume space for each individual by selecting spherical ROI with 8mm radii, 

moving voxel-wise through the entire scanned volume of cortex. To account for 

variability in spatial organisation across subjects, each accuracy map was then 

smoothed with a 3mm FWHM kernel to reduce inter-subject variability. We 

computed group-level t-value maps by testing where DM>D-M and DM>√(D2+M2) 

(conjunctive p<0.05), and projected the result onto a representative cortical 

surface from each group for visualisation (shown in Figure 3).  The results from 

the searchlight analysis are highly consistent with the results from the ROI 

analyses, which effectively factors out individual differences in retinotopic 

organisation. The results of older children (>10.5 years) are consistent with 

previous results from adults [S9]. When we aligned subjects into a common 

space based on gyral and sulcal patterns along the cortex [S10], respecting V3B 

ROI locations (following function-informed cortex-based alignment procedures 

described in Frost & Goebel, 2013), the searchlight results remained similar, with 

a potential slight shift towards V3A in the right hemisphere, consistent with 

marginally significant fusion effects in the V3A ROIs (see p. 5, and caption Figure 

1S). 
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