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Summary 15 

Human ventral temporal cortex (VTC) contains category-selective regions that respond 16 
preferentially to ecologically-relevant categories such as faces1, bodies2, places3, and words4  and 17 
are causally involved in the perception of these categories5–7. However, it is unknown how these 18 
regions develop during childhood. Here we used functional MRI and images from many 19 
categories to measure longitudinal development of category-selectivity in individual school-age 20 
children over the course of 5 years. We show that from young childhood to the teens, face- and 21 
word-selective regions in VTC expand and increase in their respective category-selectivity, but 22 
limb-selective regions in VTC shrink and lose their preference for limbs. Critically, as a child 23 
develops, increases in their face- and word-selectivity are directly linked to decreases in limb-24 
selectivity. These data show that during childhood limb-selectivity in VTC is repurposed into 25 
word- and face-selectivity providing the first empirical evidence for cortical recycling8 during 26 
childhood development. These results suggest a rethinking of prevailing hypotheses that cortical 27 
development involves sculpting of new representations upon general-purpose cortex9,10. Instead, 28 
they suggest a new hypothesis that during development VTC representations adjust to changes in 29 
the salience and social relevance of visual inputs11, which has important implications for both 30 
typical and atypical brain development.  31 
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A central question in neuroscience is how does cortical function develop? Ventral temporal 37 

cortex (VTC) is an excellent model system to address this question as it contains regions selective 38 

for ecological categories such as faces1, bodies2, places3, and words4 that are critical for human 39 

behavior and can be identified in each individual. When infants first open their eyes, they are 40 

inundated with faces, body-parts, their surrounding room and objects. This visual input may begin 41 

to shape VTC representations in infancy and lead to the emergence of face representations in the 42 

first year of life12–14. However, experience with other categories, such as words, doesn’t begin until 43 

later in childhood when children learn to read. Because face and word recognition require fine 44 

visual acuity afforded by foveal representations in lateral VTC15, two main developmental theories 45 

have been proposed. The theory of functional refinement predicts that category-selective regions 46 

emerge from raw, general-purpose cortex9,10 that has some basic property16, such as foveal 47 

bias17,18. The theory of competition posits that rivalry for cortical resources may constrain 48 

development8,19, leading to recycling8 of  cortex selective to one category earlier in childhood (e.g., 49 

faces) to be selective to other stimuli (e.g., words) with later demands for reading8,20. This intense 50 

theoretical debate can only be addressed by longitudinal brain measurements in school-age 51 

children, because reading acquisition is specific to humans, and the fusiform gyrus, which is the 52 

anatomical structure where face-selective regions reside, is hominoid-specific.  53 

Here, we addressed this key gap in knowledge using longitudinal fMRI in 29 children 54 

(initially 5–12 years old) to measure development of many category representations and their 55 

relationship. Children were scanned repeatedly over the course of 1 to 5 years (mean±SD: 3.75±1.5 56 

years, Fig. S1A), with an average of 4.4±1.92 fMRI sessions per child and 128 included sessions 57 

overall (Methods). During fMRI, children viewed images from 10 categories spanning five 58 

domains: characters (pseudowords, numbers), body parts (headless bodies, limbs), faces (adult 59 
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faces, child faces), objects (string instruments, cars), and places (houses, corridors, Fig. S1D). 60 

Analyses were performed in each individual’s native brain space, which allows precise tracking of 61 

the developing cortex in each participant and prevents blurring of responses from different 62 

categories due to normalization to standard brain space21. 63 

 64 

How does selectivity in VTC develop? 65 

To assess development of VTC, we first quantified the volume of category-selective 66 

activation in VTC as a function of age. Category-selectivity was computed by contrasting 67 

responses to each category vs. all other categories except the other category from the same domain 68 

(e.g., limbs vs. all other categories except bodies, t>3, voxel level). VTC was anatomically defined 69 

on the cortical surfaces of each child and divided into lateral and medial sections (Fig. 1B). This 70 

division captures the center-periphery organization of VTC15,18, where lateral VTC represents the 71 

central visual field, and medial VTC represents the periphery. To test for age-related changes in 72 

the volume of category-selective activation, we used linear mixed models (LMMs) with age as a 73 

fixed effect and participant as a random effect. LMMs with intercepts (indicating initial volume) 74 

that varied across participants and a constant slope (indicating the rate of change in volume with 75 

age, Fig 1A,C) fit the data best in the majority of cases (Methods).  76 

Results reveal differential development of category-selectivity across VTC partitions and 77 

categories: (1) Significant development of category-selectivity occurred in lateral, but not medial 78 

VTC (Fig. 1C, Fig. S2, Table S1-2). (2) Surprisingly, there were both developmental increases 79 

and decreases in the volume of category-selective activation in lateral VTC: word- and face-80 

selective activation increased, but limb-selective activation decreased (Fig. 1A,C, Fig. S2, full 81 

statistics in Table S1).  82 
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 83 

Fig. 1. Developmental increases and 84 
decreases in category-selective 85 
activation in lateral VTC. 86 
(A) Volume of word-, limb- and 87 
child-face-selective activation by age. 88 
Each dot is a session and colored by 89 
participants. Red line: LMM 90 
prediction of category-selective 91 
activation by age. Shaded gray: 95% 92 
confidence interval (CI). (B) Lateral 93 
and medial VTC on inflated cortical 94 
surface of a 5-year-old. (C) LMM 95 
slopes: change in category-selective 96 
activation per month. Error bars: 97 
95% CI. Asterisks: significant after 98 
FDR-correction (p<0.05). All 99 
scatterplots in Fig. S2. (D) Boxplots: 100 
average category-selective activation 101 
by age group. One session per child is 102 
included per boxplot. Diamonds: 103 
average selective volume predicted by 104 
LMM. Crosses: outliers; All 105 
categories in Fig. S5. Acronyms: N: 106 
numbers; W: words; L: limbs; B: 107 
bodies; AF: adult faces; CF: child 108 
faces, C: Cars, SI: String instruments, 109 
H: Houses, Cor: Corridors. 110 
 111 

Interestingly, during childhood, the volume of word-selective activation significantly 112 

increased in left, but not right, lateral VTC (Fig. 1C,D Fig. S2, Table S1), while number-selective 113 

activation remained unchanged (Fig. 1C, Fig. S2, Table S1). Examining the average volume of 114 

activations (Fig. 1D-boxplots) as well as LMM predictions (Fig 1D-diamonds), revealed that 115 

word-selectivity doubled on average from ~500 mm3 in 5–9-year-olds to ~1000 mm3 in 13–17-116 

year-olds. Notably, as word-selective activation doubled, volume of limb-selective activation 117 

halved (Fig. 1D). In fact, limb-selective activation significantly decreased bilaterally, but body-118 

selective activation remained stable (Fig. 1C). Additionally, the volume of face-selective 119 

activation increased bilaterally for both adult faces and child faces (Fig. 1C,D). Similar 120 
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Fig. 1. Developmental increases and decreases in category-selective activation in 
lateral VTC. 
(A) Volume of word-, limb- and child-face-selective activation by age. Each dot is a session 
and colored by participants. Red line: LMM prediction of category-selective activation by age. 
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longitudinal development in lateral VTC was observed for other contrasts (Fig. S3) and for other 121 

metrics, such as selectivity within constant-sized regions (Fig. S4). 122 

 123 
Is development anatomically specific? 124 
 125 

To determine the anatomical specificity of the observed development, we defined limb-, 126 

word-, and face-selective regions of interest (ROIs) in each participant and session (Fig. 2A-C, t-127 

value > 3 voxel-level) and examined them longitudinally. The location of category-selective ROIs 128 

remained largely the same as ROIs expanded or shrank across childhood (Fig. 2A-C). The growth 129 

of word- and face-selective regions was anatomically specific: posterior but not anterior ROIs 130 

significantly expanded (Fig. 2D, Table S3). Activation for words in the left posterior 131 

occipitotemporal sulcus (pOTS-words) grew significantly, but not in the mid occipitotemporal 132 

sulcus (mOTS-words). Bilateral activation for faces in the posterior fusiform (pFus-faces) grew 133 

significantly, but not in the mid fusiform (mFus-faces). In contrast to the growth of pOTS-words 134 

and pFus-faces, OTS-limbs shrank significantly in both hemispheres (Fig. 2D, Table S3). 135 

 136 
 137 
Fig. 2. Development of 138 
category-selective ROIs. 139 
Initial ROIs (colored) and end 140 
ROIs (outline) in 3 example 141 
children: (A) left pOTS-words 142 
at age 10 and 15, (B) left OTS-143 
limbs at age 11 and 13, (C) left 144 
pFus-faces at age 9 and 14. 145 
MFS: mid fusiform sulcus; 146 
OTS: occipito-temporal 147 
sulcus. (D) LMM slopes: 148 
change in volume of category-149 
selective regions per month. 150 
Error bars: 95% CI; 151 
Asterisks: significant 152 
development, p<0.05, FDR-153 
corrected.  154 Ch
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Fig. 2. Development of ROIs. Initial ROIs (colored) and end ROIs (outline) in 
3 example subjects for (A) left pOTS-words (initial age (ia): 10 and end age 
(ea): 15), (B) left OTS-limbs (ia: 11 and ea: 13), (C) left pFus-faces (ia: 9 and 
ea: 14). MFS: Mid fusiform sulcus; OTS: Occipito-temporal sulcus. (D) LMM 
slopes indicating the change in volume of category-selective regions by 
month. Error bars: 95% CI of the slope; Asterisks: significant development, 
p<0.05, FDR-corrected. 
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What changes in emerging and waning ROIs? 155 

We next assessed the functional properties of the developing regions. For words and faces, 156 

where selective voxels emerge during development, we call the difference between the end and 157 

initial ROIs the emerging pOTS-words and emerging pFus-faces. For limbs, we call the difference 158 

between the initial and end ROIs the waning OTS-limbs. We focus on the left hemisphere due to 159 

the left lateralization of the development of word-selectivity (right hemisphere-Fig. S7). Since 160 

developing regions are not completely independent from the original ROIs, we repeated the 161 

analysis in independent ring-shaped ROIs centered on initial functional ROIs, yielding similar 162 

findings (Fig. S8).  163 

In the emerging left pOTS-words, selectivity to words significantly increased with age, as 164 

expected (LMM of selectivity, age: continuous fixed effect; participant: random effect). At the 165 

same time, selectivity to limbs and bodies significantly decreased (Fig. 3A-left, Table S4), but 166 

there were no changes in selectivity to other categories (Fig. S7, Table S4). To elucidate if the 167 

changes in selectivity in the emerging ROI were due to increased responses to the preferred 168 

category or decreased responses to nonpreferred categories, we used LMMs to quantify the 169 

response to each category as a function of age (age: continuous fixed effect; participant: random 170 

effect). Results show that developmental changes in word-selectivity were associated with 171 

significant increases in the responses to words with no significant changes to other categories 172 

except that responses to string instruments also significantly increased (Table S5). Indeed, pOTS-173 

responses to words are higher in teens (13-17-year-olds) than children (5-9-year-olds, Fig. 3A-174 

right, Table S5) in correspondence with LMM predictions.  175 
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Fig. 3. Age-related 176 
increases in word- and 177 
face-selectivity parallel 178 
decreases in limb-179 
selectivity in the 180 
developing regions.  181 
Left: changes in 182 
selectivity by age (LMM 183 
slopes). Error bars: 95% 184 
CI; Asterisks: significant 185 
development: p<0.04, 186 
FDR corrected; Data for 187 
all categories in Fig. S7. 188 
Right: Boxplots: average 189 
response amplitudes for 190 
5-9-year-olds and 13-17-191 
year-olds for the 10 192 
categories. One 193 
functional session per 194 
child is included per 195 
boxplot. Diamonds: 196 
estimated response 197 
amplitudes from LMM; 198 
Crosses: outliers.  (A) 199 
Emerging word ROI. (B) 200 
Waning limb ROI. (C) 201 
Emerging face ROI. 202 

 203 

 204 

 205 

Similarly, in the emerging pFus-faces, selectivity to faces increased (Fig. 3C, Fig. S7). At 206 

the same time, selectivity to limbs decreased bilaterally and selectivity to bodies decreased in the 207 

left hemisphere (Fig. 3C). There were no significant changes in selectivity to other categories (Fig. 208 

S7, Table S4). Increases in selectivity to faces were associated with significant increases in 209 

responses to faces (Table S5). Indeed, responses to both adult and child faces were higher in teens 210 

than children in correspondence with LMM predictions (Fig. 3C-right). Additionally, responses 211 

to words and string instruments also significantly increased in the left emerging pFus-faces, and 212 
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Fig. 3. Age-related increases in word- and face-selectivity parallel decreases in limb-
selectivity in the developing regions. (A-C) Left: LMM slopes: changes in selectivity by 
age. Error bars: 95% CI; Asterisks: significant development: p<0.04, FDR corrected; All 
ROIs and categories in Fig. S7. Right: Response amplitudes for the 10 categories. One 
functional session per child is included per boxplot. Diamonds: estimated responses from 

CFN C HAFLW B SI Cor

2

1

0

Re
sp

on
se

 (%
 s

ig
na

l) 

2

1

0

Re
sp

on
se

 (%
 s

ig
na

l) 

CFN C HAFLW B SI Cor

5-9, n=13
13-17, n=11
LMM

5-9, n=15
13-17, n=12
LMM

n=24 (112 sessions)

n=22 (105 sessions)

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 19, 2020. ; https://doi.org/10.1101/2020.07.18.209783doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.18.209783
http://creativecommons.org/licenses/by-nc-nd/4.0/


there was a trend for an increase in responses to cars (Fig. 3C-right, Table S5). Thus, 213 

developmental increases in word and face selectivity in emerging word and face ROIs, 214 

respectively, are driven by increased responses to their preferred category, rather than decreased 215 

responses to nonpreferred categories. 216 

As OTS-limbs is located between pOTS-words and pFus-faces, we asked if increased 217 

responses to faces and words also occur in the waning OTS-limbs. We found that not only did 218 

responses to adult faces significantly increase with age, but also responses to limbs significantly 219 

decrease with age (Fig. 3B-right, Table S5, Fig. S7). This is an intriguing phenomenon in which 220 

this waning region responds more strongly to limbs in 5-9-years-olds than in 13-17-year-olds. 221 

Responses to other categories remained stable (Fig. 3B-right, Fig. S7). These changes in responses 222 

resulted in significant decreases in limb-selectivity (Fig. 3B-left, Fig. S7), significant increases in 223 

face-selectivity (Fig. 3B-left), and no changes in selectivity to other categories including bodies 224 

(Fig. S7). Therefore, developmental decreases in limb-selectivity of the waning OTS-limbs reflect 225 

decreased responses to the preferred category together with increased responses to faces.  226 

As we found developmental decreases in limb-selectivity in both emerging and waning 227 

ROIs, we tested if this is a general phenomenon across lateral VTC. Analyses of lateral VTC 228 

excluding voxels that were selective in the first sessions to categories showing development, 229 

revealed no significant decreases in limb-selectivity in the remainder of lateral VTC (Fig. S9). 230 

This suggests that developmental changes in limb-selectivity are most prominent in the emerging 231 

and waning ROIs.  232 

 233 

 234 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 19, 2020. ; https://doi.org/10.1101/2020.07.18.209783doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.18.209783
http://creativecommons.org/licenses/by-nc-nd/4.0/


Are changes in selectivity linked? 235 

We tested if there is a quantitative relationship between selectivities to faces, words, and 236 

limbs in the developing ROIs. Model comparison revealed that in all developing ROIs, selectivity 237 

to the preferred category was better predicted by the selectivity to the other two categories rather 238 

than just one of them (likelihood ratio tests comparing a one-predictor-LMM with a two-predictor-239 

LMM, left hemisphere: all 𝜒2≥4.76, p≤0.029, Table S6). Moreover, in all developing ROIs, 240 

selectivity to the preferred category was significantly and negatively related to selectivity to the 241 

other two categories (LMM predictors (bs): Fig. 4, Fig. S10, Table S7). E.g., in the emerging 242 

pOTS-words, higher word-selectivity is significantly linked with both lower face- and limb-243 

selectivity (Fig. 4A, Table S7).  244 

We visualized how selectivity to words, faces, and limbs changes in emerging and waning 245 

ROIs. Using the LMM, we related the selectivity to the preferred category with the selectivity to 246 

the other two categories for 5-9-year-olds and for 13-17-year-olds (Fig. 4-left). In the emerging 247 

pOTS-words, 5-9-year-olds have positive selectivity to limbs and negative selectivity to faces. By 248 

age 13-17 word-selectivity has increased while limb-selectivity has reduced to zero and face-249 

selectivity has become even more negative (Fig. 4A-left). That is, after development, selectivity 250 

to words in pOTS-words has replaced the initial selectivity for limbs, not faces (Table S8). 251 

Notably, this developmental pattern is visible in individual children from their initial age (Fig. 4A-252 

right, arrow bases) to their end age (Fig. 4A-right, arrow heads). Similarly, in the emerging pFus-253 

faces, 5-9-year-olds have positive limb-selectivity and mild word-selectivity (Fig. 4C). By age 13-254 

17, as face-selectivity has increased, limb-selectivity is lost and there is little change to word-255 

selectivity (Fig. 4C Fig. S10, Table S8).  256 
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 257 

Fig. 4. Developmental 258 
changes in word-, face-, 259 
and limb-selectivity are 260 
linked.  261 
Left: LMM prediction of 262 
category selectivity 263 
(circle, see colorbar) to 264 
words (A), limbs (B), and 265 
faces (C) vs. selectivity 266 
to the other two 267 
categories in 5-9-year-268 
olds and 13-17-year-olds. 269 
Right: Individual child 270 
data. Orange arrows: 271 
negative selectivity in y-272 
variable, brown arrows: 273 
positive selectivity in y-274 
variable. Blue arrows: 275 
LMM, same as in 276 
corresponding left panel. 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

In the waning OTS-limbs, 5-9-year-olds exhibit negative face-selectivity and mild word-286 

selectivity (Fig. 4B-left). As limb-selectivity declines by age 13-17, both word- and face-287 

selectivity increase (Fig. 4B-left). While limb-selectivity consistently declined across individuals, 288 

Left emerging pFus-faces

Left emerging pOTS-words

Left waning OTS-limbs

limbs (t)

limbs (t)

faces (t)

wo
rd

s 
(t)

fa
ce

s(
t)

faces (t
)

word
s (t

)

word
s (t

)

Fig. 4. Developmental changes in word-, face-, and limb-selectivity are linked. 
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there was more variability in individual developmental trajectories compared to the emerging ROIs 289 

(Fig. 4B-right). In some children limb-selectivity was replaced by word-selectivity and in others 290 

with face-selectivity. 291 

 292 

Discussion 293 

Our longitudinal measurements in children using a large range of ecologically-relevant 294 

categories reveal three new insights about the functional development of high-level visual cortex. 295 

First, we find that childhood development is not only associated with growth of category-selective 296 

regions and increases in selectivity9,10,22, but also involves loss of selectivity. Second, teens’ brains 297 

are not just more sculpted versions of children’s brains. In contrast to the prevailing view 298 

suggesting that children’s VTC is indistinctive9,10,19, young children’s VTC is actually more 299 

selective for limbs than it is later in childhood. Early selectivity to limbs may be related to the 300 

visual salience of limbs early in development, as toddlers look at hands more than faces11 when 301 

they learn to gesture23 and manipulate objects. Third, our results provide the first empirical 302 

evidence for recycling8 of category-selectivity in high-level visual cortex during childhood. 303 

However, contrary to previous predictions that face-selectivity is recycled to word-selectivity8,19 304 

during development, our results show that limb-selectivity is recycled to both word- and face-305 

selectivity. This recycling occurs via a mechanism of decreasing responses to limbs and increasing 306 

responses to both faces and words. This recycling is specific to limb-selectivity as body-selectivity 307 

remains unchanged, consistent with previous findings10,24.  308 

Our results require a rethinking of prevailing developmental theories that propose that 309 

cortical development involves sculpting of new representations upon general-purpose cortex9,10. 310 

Instead, our data suggest that during childhood, cortical selectivity can change from one category 311 
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to another. Much like baby teeth changing to permanent teeth as children’s diet and size changes, 312 

cortical recycling in VTC may reflect adjustment to changing visual demands during childhood. 313 

Thus, our data suggest an intriguing new hypothesis that cortical recycling in VTC co-occurs with 314 

changes in the saliency and frequency of visual stimuli that are socially and communicatively 315 

relevant, such as faces and words.  316 

These findings have important implications for understanding typical25 and atypical26–29 317 

brain development. First, these data fill a key gap in knowledge by quantifying the rate of the 318 

development of category-selectivity from young children to teens. Thus, they offer a foundation 319 

for using fMRI to assess developmental and learning deficiencies, especially related to reading30 320 

and social perception26,27. Second, cortical recycling may be particularly profound in cases of 321 

childhood visual deprivation28 or brain lesions29. It will be important to determine if there is a 322 

critical period during development in which cortical recycling occurs, or if it occurs throughout 323 

the lifespan31. Finally, as deep convolutional neural networks predict VTC responses32,33, future 324 

computational modeling could reveal insights to which computational constraints yield both 325 

developmental increases and decreases in category selectivity.   326 

  327 
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Methods 407 

Participants 408 

Children with normal or corrected-to-normal vision were recruited from local schools in the 409 

Bay Area. The diversity of the participants reflects the makeup of the Bay Area population. 62.5% 410 

of children were Caucasian, 20% were Asian, 5% were Native Hawaiian, 5% were Hispanic, and 411 

7.5% were multiracial or from other racial/ethnic groups. Prior to the start of the study, parents 412 

gave written consent, and children gave written assent. The study was approved by the Institutional 413 

Review Board of Stanford University. 414 

Prior to their first MRI session, children were trained in a scanner simulator to acclimate them 415 

to the scanner environment and to enhance quality of MRI data. In the simulator, children practiced 416 

laying still while watching a short movie and receiving live feedback on their motion. For 417 

subsequent scans, simulator training was repeated if necessary.  418 

We collected data from 40 (26 female) children (onset age=5-12 years, M=8.66 years, 419 

SD=2.34 years, Fig. S1). We selected this age range because (i) it captures the phase in which 420 

children start learning to read and (ii) it covers a broad age range spanning childhood and 421 

adolescence in which previous studies have documented VTC development10,22.  422 

Data from 4 children were excluded because they dropped out of the study after participating 423 

only once, and thus did not provide longitudinal data. Data from 7 children were excluded because 424 

their data did not pass inclusion criteria (see below). In the remaining 29 children, 29 functional 425 

sessions were excluded due to motion, 1 session due to a technical error during acquisition, and 1 426 

session due to aliasing artifacts during acquisition. Therefore, data from 128 functional sessions 427 

of 29 neurotypical children (18 female, 11 male) are reported in this study (Fig. S1A,B has an 428 
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overview of the included and excluded sessions). Initial ages of the included children ranged from 429 

5 to 12 years (mean=9.19, SD=2.13).  430 

Participants were scanned using functional and structural MRI for 1 to 5 years. When 431 

possible, children participated in 1 to 2 functional scans per year. Additionally, children 432 

participated in 1 structural MRI session per year. Each child participated in at least 2 and up to 10 433 

fMRI sessions (mean=4.41, SD=1.92) with the time interval between the first and last fMRI scan 434 

ranging from 10 months to 5 years (mean=45 months, SD=18 months, Fig. S1C). Functional and 435 

anatomical scans were typically conducted on different days to avoid fatigue.  436 

 437 

Magnetic resonance imaging 438 

Structural imaging  439 

Data were acquired at the Center for Cognitive Neurobiological Imaging at Stanford 440 

University on a 3 Tesla GE Discovery MR750 scanner (GE Medical Systems) using a phase-array 441 

32 channel head coil. Whole brain anatomical scans were collected using quantitative MRI 442 

(qMRI34) with a spoiled gradient echo sequence using multiple flip angles (𝛼=4°, 10°, 20°, 30°), 443 

TR=14ms and TE=2.4ms. The scan resolution was 0.8x0.8x1.0mm3 (later resampled to 1mm 444 

isotropic). For T1-calibration we acquired spin-echo inversion recovery scans with an echo-planar 445 

imaging read-out, spectral spatial fat suppression and a slab inversion pulse. These scans were 446 

acquired at TR=3s, inplane resolution=2x2mm2, slice thickness=4mm and 2x acceleration, echo 447 

time=minimum full. 448 

 449 

 450 

 451 
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Functional imaging 452 

Functional data were collected using the same scanner and head coil as the structural images. 453 

Slices were oriented parallel to the parieto-occipital sulcus. The simultaneous multi-slice, one-shot 454 

T2* sensitive gradient echo sequence EPI sequence was acquired with a multiplexing factor of 3 455 

to acquire near whole brain coverage (48 slices), FOV=192mm, TR=1s, TE=30ms, and flip 456 

angle=76°. Resolution was 2.4 mm isotropic. 457 

 458 

10 category experiment 459 

Participants completed three runs of a 10-category experiment17,18,35. During each run 460 

participants viewed images from five domains each comprising images of two categories including 461 

faces (adult faces, child faces), body parts (headless bodies, limbs), objects (cars, string 462 

instruments), places (corridors, houses) and characters (pseudowords, numbers). Following prior 463 

work on visual representations, we define a visual category as a set of exemplars sharing the same 464 

parts and configuration, e.g., limbs36–39 and domain as a grouping of one or more categories that 465 

share semantic association (whether or not they share visual features) and are thought to require 466 

distinct processing mechanisms40 e.g., houses and corridors are both places, but are visually 467 

dissimilar. Examples of stimuli are shown in Fig. S1D.  468 

Images were presented in 4 s blocks, at a rate of 2 Hz and did not repeat across the course of 469 

the experiment. Image blocks were intermixed with gray luminance screen baseline blocks. Blocks 470 

were counterbalanced across categories and baseline. Stimuli were grayscale and contained a 471 

phase-scrambled background generated from randomly selected images. Participants were 472 

instructed to view the images while fixating on a central dot and to perform an oddball task. 473 
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Participants pressed a button whenever an image comprising only the phase-scrambled background 474 

appeared. 475 

 476 

Data analysis 477 

Data analysis was performed in MATLAB version 2017b (The MathWorks, Inc.) and using 478 

the mrVista software package (https://github.com/vistalab/vistasoft/wiki/mrVista). 479 

 480 

Inclusion criteria 481 

In each functional session children participated in three runs of the 10 category-experiment. 482 

Criteria for inclusion of data were (i) at least 2 runs per session where within-run motion < 2 voxels 483 

and between-run motion < 3 voxels, and (ii) at least two fMRI sessions at least six months apart.  484 

Because only two of the three runs survived motion quality thresholds for several fMRI 485 

sessions, analyses include two runs per child per session to ensure equal amounts of data across 486 

participants and sessions. For sessions with all 3 runs passing motion quality criteria, 2 runs with 487 

lowest within-run motion were included.  488 

 489 

Structural MRI data analysis and individual template creation 490 

Quantitative whole brain images of each child and timepoint were processed with the mrQ 491 

pipeline (https://github.com/mezera/mrQ34) to generate synthetic T1 brain volumes. For each 492 

child, the synthetic T1 brain volumes from their multiple timepoints were used to generate a 493 

within-subject brain volume template. Each participant’s brain anatomical template was generated 494 

using the FreeSurfer Longitudinal pipeline 495 

(https://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing41) using FreeSurfer version 496 
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6.0. The gray-white matter segmentation of each participant’s within-subject brain template was 497 

manually edited to fix segmentation errors (e.g., holes and handles) to generate an accurate cortical 498 

surface reconstruction of each participant’s brain. 499 

The motivation for aligning the functional data to the within-subject-template were (i) to enable 500 

comparison of regions of interest (ROIs) from different timepoints in the same brain volume for 501 

each participant and to (ii) minimize potential biases which can occur from aligning longitudinal 502 

data to the anatomical volume from a single timepoint41. On average 2.48 (SD=0.69) synthetic T1s 503 

were used to generate the within-subject-template (min=2, max=5). Functional data from all 504 

sessions of a participant were aligned to their within-subject brain template. In 17 participants the 505 

last fMRI session that was included was conducted after the within-subject template had been 506 

created. These functional sessions were acquired on average 11± 2 months after acquisition of the 507 

last synthetic T1 that was included in the within-subject-template (excluding 2 participants whose 508 

last T1 could not be used because of technical error during acquisition and subject motion). 509 

 510 

Definition of anatomical regions of interest (lateral and medial VTC ROIs) 511 

On the inflated surface of each hemisphere in each participant, we defined anatomical regions 512 

of interest (ROIs) of the lateral and medial VTC (Fig. 1B) as in previous publications 18. We first 513 

defined the VTC anatomically and then separated it to lateral and medial VTC. The posterior 514 

border of VTC was the posterior transverse collateral sulcus (ptCoS) and the anterior border was 515 

aligned to the posterior end of the hippocampus, which typically aligns with the anterior tip of the 516 

mid fusiform sulcus (MFS). The lateral border of VTC was the inferior temporal gyrus (ITG) and 517 

the medial border of VTC was the medial border of the collateral sulcus (CoS). Finally, VTC was 518 

divided into its lateral and medial partitions along the MFS (example in Fig. 1B).  519 
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 520 

fMRI data analysis 521 

Functional data from each session were aligned to the individual within-subject template. 522 

Motion correction was performed both within and across functional runs. No spatial smoothing 523 

and no slice-timing correction were performed. Time courses were transformed into percentage 524 

signal change by dividing each timepoint of each voxel’s data by the average response across the 525 

entire run. To estimate the contribution of each of the 10 conditions (corresponding to the 10 image 526 

categories) a general linear model (GLM) was fit to each voxel by convolving the stimulus 527 

presentation design with the hemodynamic response function (as implemented in SPM, 528 

www.fil.ion.ucl.ac.uk/spm). 529 

 530 

Definition of selectivity in lateral and medial VTC 531 

We used a data-driven approach to examine the development of category selectivity in VTC. 532 

The motivation for this type of analysis was to (i) use an automated, observer-independent 533 

approach and (ii) use an approach that does not require clustered activations.  534 

In each participant, we assessed selectivity to each category in anatomically defined lateral 535 

and medial VTC ROIs (Fig. 1B). Selectivity was defined as t-value > 3 (voxel-level) for the 536 

contrast of interest. We also performed a complementary threshold-independent analysis in 537 

constant-sized regions (see Control analysis below). Category contrasts (Fig. 1) were computed 538 

by contrasting responses to each category with all other categories from all other domains (i.e., 539 

words vs. all other categories except numbers). We also computed contrasts for domains (faces, 540 

body parts, characters, objects, places), see supplemental analyses (Fig. S3).  For domain contrasts, 541 

responses to each domain were contrasted with all other domains (i.e., characters vs. all others). 542 
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 543 

Definition of functional regions of interest  544 

To examine the anatomical specificity of the observed development of selectivity (Fig. 1), 545 

we defined word-, limb-, and face-selective functional regions in each participant (see Fig. 2A-C). 546 

For the definition of functional ROIs, a threshold of a t-value > 3 (voxel-level) was used. All ROIs 547 

were defined in each participant’s native cortical surface generated from the within-subject brain 548 

template. Word-selective regions were defined as above-threshold clusters for the contrast words 549 

vs. all categories except numbers that straddled the occipito-temporal-sulcus (OTS). The more 550 

anterior cluster was defined as mOTS-words and the posterior cluster as pOTS-words. These 551 

clusters are also referred to as the visual word form area (VWFA 1 and 2, respectively4). The limb-552 

selective region was defined as above-threshold cluster of voxels for the contrast limbs vs. all 553 

categories except bodies straddling the OTS and was labelled OTS-limbs. This cluster is also 554 

referred to as the fusiform body area (FBA2). Face-selective regions were defined using the 555 

contrast faces (adult and child) vs. all other categories, because we observed similar development 556 

for both face types in the analysis related to Fig. 1. Face-selective clusters were defined as above-557 

threshold clusters on the lateral fusiform gyrus. The more anterior cluster typically aligns with the 558 

anterior tip of the MFS, and was defined as mFus-faces, while the more posterior cluster was 559 

defined as pFus-faces42. These two face-selective clusters are also referred to as the fusiform face 560 

area (FFA 1 and 2, respectively1). 561 

For supplemental analyses (Fig. S6) we also defined place-, character-, and combined body-562 

part-selective regions. Place-selective regions were defined as above threshold clusters on the 563 

collateral sulcus that respond to houses and corridors vs. all other categories. This region is also 564 

referred to as parahippocampal place area (PPA3). Character-selective regions were defined as 565 
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above-threshold clusters on the OTS that responded more strongly to words and numbers vs. all 566 

other categories. Similarly, a body-part-selective region was defined as above-threshold clusters 567 

on the OTS that responded more strongly to bodies and limbs than the other categories.  568 

 569 

Emerging and waning ROIs 570 

To characterize the selectivity and responses within VTC regions that changed with 571 

development, we defined in each participant’s VTC ROIs that: (i) either gained selectivity to faces 572 

or words or (ii) lost selectivity to limbs during childhood. To do so, we defined emerging face and 573 

word ROIs as well as waning limb ROIs. For words and faces, where selective voxels emerge 574 

during development, the emerging ROI is the region that was selective to faces (or words) in the 575 

end timepoint but was not selective to that category in the initial timepoint (Fig. 2A,C). We call 576 

the region that is the difference between the end and initial ROIs the emerging pOTS-words and 577 

emerging pFus-faces. For limbs, were selective voxels decline during development, we call the 578 

difference between the initial and end ROIs the waning OTS-limbs. That is, the waning OTS-limbs 579 

is the region that was within the ROI in the initial timepoint but not in the end timepoint (Fig. 2B). 580 

For a given participant, the initial ROI corresponds to the first fMRI session in which the ROI 581 

could be identified, and end ROI corresponds to the last fMRI session in which the ROI could be 582 

identified. 583 

 584 

Control analysis of selectivity development in independent ring-shaped ROIs  585 

The emerging and waning ROIs were defined from individual participant’s functional ROIs 586 

on their native brain anatomy and thus capture precisely the part of cortex that undergoes 587 

development. As these ROIs are not completely independent from the original ROIs, we sought to 588 
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validate these results in an independent manner. Thus, we conducted a complementary analysis to 589 

evaluate responses in independent ring ROIs. First, we created two disk ROIs centered at the center 590 

coordinate of the initial functional ROI. One ROI was sized to match the surface area of the initial 591 

ROI, and the other, sized to match the corresponding end ROI. Then, we defined the area in 592 

between these two disk ROIs as the independent the ring-shaped ROIs.  593 

Within each ring-shaped ROI, we measured responses to the 10 categories as well as 594 

selectivity to each category (Fig. S8). Importantly, this analysis replicated the significant decrease 595 

in limb-selectivity in the waning limb-ROIs, emerging left pOTS-words, and emerging left pFus-596 

faces. In right pFus-faces, we found a similar trend for decreasing limb-selectivity (see figure 597 

legend of Fig. S8 for statistics). In left pOTS-words, we find a similar trend for increasing word-598 

selectivity (Fig. S8A) and in right pFus-faces we find a similar trend for increasing face-selectivity 599 

(Fig. S8D,E). We note that a limitation of this approach is that while the ring analysis guarantees 600 

independence, it does not capture exactly the developing tissue, as the actual developing ROIs are 601 

not ring shaped (Fig. 2A-C, see example ROIs). Therefore, this approach is less accurate for 602 

assessing developmental changes in VTC. 603 

 604 

Control analysis: estimating changes in selectivity across development in a constant number 605 

of lateral VTC voxels 606 

In the analyses in Fig. 1, we evaluated category-selectivity by estimating the number of 607 

voxels within an anatomical ROI that significantly responded to one category (vs. all other 608 

categories except the other category from the same domain, threshold of t>3, voxel-level). While 609 

this threshold guarantees significant selectivity, ultimately the threshold value is a number decided 610 

by the experimenter.  611 
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To ensure that findings of developmental effects do not depend on the threshold used, we 612 

performed a complementary analysis of category-selectivity in lateral VTC across development 613 

which did not depend on a threshold. Across development, we kept the number of voxels within 614 

VTC constant and evaluated their mean selectivity (t-value) to a category. Specifically, at each 615 

timepoint we selected the 20% most selective voxels (i.e., the voxels with the highest t-values) for 616 

each category contrast and calculated their mean t-value (Fig. S4). The 20% most selective voxels 617 

are determined in each session independently, to avoid biasing the selection of voxels to a specific 618 

timepoint. Then we used LMMs to determine if the mean selectivity of these voxels changes over 619 

time. LMMs can be expressed as: t-value ~ age in months + (1|participant).  620 

 621 

Results of this analysis largely replicate the main finding presented in Fig 1C, and reveal (i) 622 

a significant increase in word-selectivity in the left hemisphere (see legend of Fig S6 for statistics), 623 

(ii) a bilateral decrease in limb-selectivity, (iii) an increase in selectivity to adult faces in the right 624 

hemisphere, (iv) a bilateral increase in selectivity to child faces and (v) an increase in selectivity 625 

to houses in the left hemisphere. 626 

 627 

Is the decrease in limb-selectivity uniform across lateral VTC? 628 

As we found accumulating evidence for reductions in limb-selectivity in lateral VTC, an open 629 

question is whether the decrease in limb-selectivity occurs across the entire lateral VTC or whether 630 

it is restricted to the regions in which selectivity changes across development. To this end, we 631 

aimed to assess development of limb-selectivity in VTC excluding voxels to any category showing 632 

significant development (Fig. 1). Thus, we identified in each participant’s first session the voxels 633 

selective for these stimuli, and then measured limb-selectivity across development in the remaining 634 
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lateral VTC voxels. Next, we used LMMs to test if there was a significant decrease in the mean 635 

selectivity to limbs in these remaining lateral VTC voxels (Fig. S9).  636 

While there was a trend for a decrease in selectivity in both hemispheres, the effects were not 637 

significant after correcting for multiple comparisons (left: slope=-0.0039 t/month, p=0.16; right: 638 

slope=-0.0036 t/month, p=0.16, FDR corrected). These results suggest that the decrease in limb- 639 

selectivity appears to be strongest in the developing category-selective regions. 640 

 641 

Statistical Analyses 642 

Linear mixed models (LMMs) were used for statistical analyses because (i) the data has a 643 

hierarchical structure with sessions being nested within each participant, and (ii) sessions were 644 

unevenly distributed across time (Fig. S1A). Models were fitted using the ‘fitlme’ function in 645 

MATLAB version 2017b (The MathWorks, Inc.). In initial analyses the fit of random-intercept 646 

models, which allow intercepts to vary across participants, were compared with the fit of random-647 

slope models, which allow both intercepts and slopes to vary across participants. Results revealed 648 

that a random-intercept model fitted the data best in the majority of cases. Thus, to enable 649 

comparability across analyses, LMMs with random intercepts were used throughout the analyses.  650 

LMMs related to Figure 1 can be expressed as: volume of selective activation for a category 651 

in mm3 ~ age in months + (1|participant), in which volume of selective activation is the response 652 

variable, age in months is a continuous predictor (fixed effect), and the term (1|participant) 653 

indicates that random intercepts are used for the grouping variable participant. The slopes of the 654 

LMMs are plotted in Fig. 1C. Statistics were run on the complete data set including 128 sessions.  655 

Boxplots in Fig. 1D showing subsets of the data are used for estimating volume of selective 656 

activation in different age groups and visualization purposes, but not to evaluate statistical 657 
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significance. One session per child per age group is included in the boxplot. To confirm the validity 658 

of the grouping of the age groups for the boxplots in Fig. 1D (5-9yo and 13-17yo), we used the 659 

LMMs (shown in Fig. 1C) to predict the size of category-selective activation for the mean age in 660 

years of the participants in each of the two age groups. This predicted size is indicated as a black 661 

diamond in the boxplots. Estimated mean size (diamonds) from the LMM corresponded well with 662 

the medians of the boxplots, thus, validating the grouping of the participants in the boxplots. 663 

To estimate changes in the size of category-selective ROIs (Fig. 2D, Fig. S6) we used LMMs 664 

specified as: ROI size in mm3 ~ age in months + (1|participant).  665 

To evaluate significance of the developmental changes in emerging and waning ROIs, we 666 

used two separate LMMs: (i) selectivity changes across development (Fig. 3-left) were modeled 667 

as t-value ~ age in months + (1|participant), and (ii) changes in responses across development 668 

(Fig. 3-right) as % signal (b)~ age in months + (1|participant). Percent signal refers to the change 669 

in response for a certain condition relative to baseline. Selectivity refers to contrasting responses 670 

to different categories (see above definition of contrasts and thresholds). Selectivity and response 671 

values were obtained for each voxel and LMMs were fit on the average value in an ROI. Boxplots 672 

in Fig. 3 show mean responses for each of the 10 categories in 5-9-year-olds and 13-17-year-olds. 673 

They are used for visualizing response amplitudes (units of % signal) in different age groups, but 674 

not to evaluate statistical significance, which was done using the LMM. The selection of age 675 

groups in the boxplots is validated by plotting the LMM prediction for the mean age in years of 676 

participants in each age group (compare black diamonds to measured median).  677 

LMM analyses related to Fig. 4 tested if changes in limb-, face-, and word-selectivity in the 678 

developing ROIs were related to each other. For each emerging and waning ROI, we tested if 679 

selectivity for one category (e.g., word-selectivity in the emerging pOTS-words) was predicted by 680 
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selectivity to the other categories (e.g., limb- and face-selectivity in the emerging pOTS-words). 681 

Critically, we tested if an LMM with two predictors (e.g., predicting word-selectivity from both 682 

limb- and face-selectivity) is a better model than an LMM with one predictor (e.g., predicting 683 

word-selectivity just from face-selectivity) using a likelihood ratio test. If the likelihood ratio test 684 

confirmed that both predictors contributed significantly to the model fit, both predictors were 685 

included in the analysis. Parameters of LMMs and likelihood ratio tests are reported in 686 

supplemental Tables S6-7. Tables are grouped by analysis type.  687 

False-discovery rate (FDR) correction following the procedure by Benjamini and Hochberg43 688 

as implemented in MATLAB version 2017b (The MathWorks, Inc.) was applied to all p-values to 689 

correct for multiple comparisons related to the same analysis.  690 

 691 

Data Availability 692 

Data and code will be made available with publication at: https://github.com/VPNL/Recycling. 693 
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