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Abstract

Category-selective regions in ventral temporal cortex (VTC) have a consistent anatomical
organization, which is hypothesized to be scaffolded by white matter connections. However, it is
unknown how white matter connections are organized from birth. Here, we scanned newborn to 6-
month-old infants and adults to determine the organization of the white matter connections of VTC.
We find that white matter connections are organized by cytoarchitecture, eccentricity, and category
from birth. Connectivity profiles of functional regions in the same cytoarchitectonic area are similar
from birth and develop in parallel, with decreases in endpoint connectivity to lateral occipital, and
parietal, and somatosensory cortex, and increases to lateral prefrontal cortex. Additionally,
connections between VTC and early visual cortex are organized topographically by eccentricity
bands and predict eccentricity biases in VTC. These data show that there are both innate organizing
principles of white matter connections of VTC, and the capacity for white matter connections to
change over development.
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Introduction

Human ventral temporal cortex (VTC) contains regions that are selective for categories that are
important for our everyday lives such as faces', bodies?, words?, and places®. A key debate in
cognitive neuroscience is what structural and functional factors contribute to the consistent
functional organization of VTC> %, One central theory is that innate white matter connections
between VTC and other parts of the brain may lead to the emergence of category-selective regions
in consistent anatomical locations relative to cortical folds'' 6. Indeed, recent research in adults
has revealed that the white matter connections of VTC are highly regular with respect to cortical
folds' 7', cytoarchitecture®, eccentricity?!, and category-selectivity'"'2?2. However, it is unknown
which of these organizing principles of white matter connections of VTC are already present in
infancy and if white matter connections remain stable from infancy to adulthood. Here, we address
these gaps in knowledge by using anatomical and diffusion MRI in infants and adults to elucidate
the organization principles of white matter connections of VTC from birth to adulthood.

We first consider multiple hypotheses of how white matter connections at birth may constrain the
development of VTC function. The category hypothesis suggests that category-selective regions in
VTC have category-specific connections forming specialized networks that enable processing of
category-specific information'>2324_ While some studies have found that face-selective regions in
VTC only emerge with visual experience??, and develop during the first year of life?’, the existence
of category-selective regions in the congenitally blind?®%°, has led to the hypothesis that innate
white matter connections might scaffold the development of category-selective regions in VTC.
This theory is supported by studies showing that, in adults, white matter connectivity profiles
predict the location of face, place, and word-selective regions in VTC'?230 and in children, white
matter connectivity profiles at age five predict where word-selective regions will emerge at age
eight'. Further, functional connectivity of resting state data in infants show category-specific
patterns®'?2, suggesting that category-specific networks may be present from birth. The category
hypothesis thus predicts that white matter connections of VTC will be organized by category from
birth.

The cytoarchitecture hypothesis suggests that white matter connections are linked to
cytoarchitectonic areas — areas defined by their distribution of cell density across cortical layers®-
35 VTC contains four cytoarchitectonic areas: FG1-FG4*%%/, which have different neural hardware
that is thought to support different functional computations. Notably, in both children and adults,
regions with different category-selectivity within the same cytoarchitectonic area, e.g., face-
selective and word-selective regions located in FG4, have similar white matter connectivity
profiles?®. But regions with the same category-selectivity located in different cytoarchitectonic
regions, e.g., face-selective regions located in FG2 and FG4, respectively, have different white
matter connectivity profiles?®. The cytoarchitectonic hypothesis therefore predicts that white
matter connections of VTC will be organized by cytoarchitecture from birth.
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70  The eccentricity-bias hypothesis suggests that eccentricity biases in VTC are due to innate white
71  matter connections with early visual cortex (EVC, union of V1-V2-V3), where faces and word-
72  selective regions have more connections with foveal EVC and place-selective regions have more
73 connections with peripheral EVC. This theory is supported by findings that in both children and
74  adults, face and word-selective regions in VTC have a foveal bias®®% whereas place-selective
75  regionsin VTC have a peripheral bias>#%. Additionally, patterns of functional connectivity between
76  face- and place-selective regions in VTC and EVC in infant humans, neonate monkeys, and
77  congenitally blind adults follow eccentricity bands®®~*%. That is, face-selective regions have higher
78  functional connectivity to central eccentricity bands in EVC and place-selective regions have higher
79  functional connectivity to peripheral eccentricity bands in EVC. Finally, in adults, white matter
80  connections between VTC and EVC also correspond to eccentricity bands, with face-selective
81  regions having more connections to central EVC eccentricities and place-selective regions having
82  more connections to peripheral ones?'. The eccentricity-bias hypothesis thus predicts that the
83  subset of white matter connections between VTC to EVC will have a non-uniform distribution,
84  whereregions in VTC that have foveal bias in adults (faces and words) will have more connections
85  with central bands in EVC from birth, and regions that have a peripheral bias (places) will have more
86  connections with peripheral bands in EVC from birth. Crucially, when experiments only include the
87  categories of faces and places, it is not possible to distinguish between the category and
88  eccentricity hypotheses because there is one-one-mapping between category and eccentricity
89  bias. In the present study, we include multiple categories that have a foveal bias (faces and words),
90  which will allow us to distinguish the category from the eccentricity hypotheses.

91 In addition to the unknown organizational principles of white matter connections in infancy, it is
92 also unknown if white matter connectivity profiles are stable or change over development.
93  Accumulating evidence reveals that the large fascicles (axonal bundles that travel in parallel
94  connecting distant parts of the brain) are present at birth*~*8 Nonetheless, some fascicles
95  continue to develop after birth. For example, the arcuate fasciculus (AF), which connects the VTC
96  with lateral prefrontal cortex is not fully developed in infancy: it has a smaller cross section in
97  children compared to adults*® and, and in infants, it reaches premotor cortex but not lateral
98  prefrontal cortex as it does in adults®. Additionally, mature white matter connections in adulthood
99 may depend on visual experience as visual deprivation during infancy and childhood leads to
100  degradation of white matter tracts of the visual system®'~>°. However, it is unknown which aspects
101 of VTC white matter connectivity profiles are innate and which aspects may develop from infancy
102  to adulthood.

103  To address these gaps in knowledge, we obtained diffusion magnetic resonance imaging (dMRI)
104  andanatomical MRl in infants and adults and evaluated the organization and development of white
105  matter connections of category-selective regions of VTC.

106
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108 Results

109  We collected MRI data from 43 newborn to 6-month-old infants (26 longitudinally) during natural
110  sleep using 3T MRl over 75 sessions, as well as from 21 adults (28.21+5.51 years), obtaining whole
111 brain anatomical MRl and multishell dMRI data in each participant. We implemented several quality
112  assurance measures to ensure high quality data (Methods: Quality Assurance). Two infant
113  sessions were excluded because of missing diffusion data, and six infant sessions were excluded
114  after quality assurance. We report data from 67 infant sessions (42 infants (16 female, 26 male);
115 21 longitudinal infants; timepoints in Supplementary Figure 1) and 21 adult sessions (17 female, 4
116  male) with no significant differences in data quality (see Methods). In total, we report data from 88
117  sessions: 23 sessions from newborns (mean agetstandard deviation: 28.6+10.2 days), 23
118  sessions from 3-month-olds (106.94+19.3 days), 21 sessions from 6-month-olds: (189.0+15.8
119  days), and 21 sessions from adults (28.21+5.51 years). Anatomical MRIs were used to segment
120  the brain to gray and white matter, define the gray-white matter boundary to seed the tractography,
121 and create cortical surface reconstructions. dMRI data was used to derive the whole brain white
122 matter connectome of each individual and session.

123  To determine how white matter connections are organized in infants and adults and how they may
124  constrain the development of regions in VTC, we project adult functional regions of interest (fROls)
125  tothe native space of each individual and determine the white matter connections of each fROI. To
126  do so, we use cortex based alignment®® to project maximal probability maps (MPMs) of six adult
127  category-selective regions from independent data?® into each individual brain and session. The
128  fROIs are: mFus-faces (face-selective region located near anterior end of the mid fusiform sulcus),
129  pFus-faces (posterior fusiform face-selective region), OTS-bodies (body-selective region located
130  on the occipital temporal sulcus), CoS-places (place-selective region located on the collateral
131 sulcus), mOTS-words (word-selective region located on the occipital temporal sulcus), and pOTS-
132 words (posterior OTS word-selective region). MPMs of fROls selective for faces, bodies, and places
133  (mFus-faces, pFus-faces, OTS-bodies and CoS-places) are bilateral, and MPM fROls selective for
134  words (mOTS-words and pOTS-words) are in the left hemisphere only (Fig 1A,B).

135  To verify that fROIs are not proportionally different in size across age groups, which could affect
136  the resulting white matter connectivity profiles, we measured the surface area of fROIs relative to
137  the surface area of each hemisphere in all infant and adult sessions. We tested if the relative fROI
138  size changes over development (as development plateaus, we use a logarithmic model: fROI
139  size/surface area ~ log10(age in days)). We find no relationship between the surface area of fROls
140  relative to hemisphere surface area and age (t(878) = 8.77x10°%, p = 0.88, adjusted R?=-0.001, 95%
141 Cl=1[-0.0001,0.0001]).


https://paperpile.com/c/e2go92/IriHu
https://paperpile.com/c/e2go92/aaNj1
https://doi.org/10.1101/2024.07.29.605705
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.29.605705; this version posted January 23, 2025. The copyright holder for this preprint
(which 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
available under aCC-BY 4.0 International license.

A fsaverage B newborn

mpFus-faces
mpOTS-words

m CoS-places

mFus-
faces FG4
mFus-faces
mOTS-words
OTS-bodies
mid-fusiform

sulcus sulcus

20020
£ 0015
0.010;

D In each session for each fROI (88 sessions x 10 fROIs) E 0% var ained/ &
% variance explaine Looms

Connections of  Endpoint map Connectivity profile Ij B
‘\ mFus-faces T 0020 0.10 Cimsse ol
3 o \ 2 0015 0.05
‘ = & 7 ¥ 20010 (N)
a K ‘ .§-0.005 a 000
endpoint density Plagze 0 50 100 150 005
mFus-faces 6x10°E = 3x10* Glasser ROI -0.10
-0.1 00 01
PC1
o .
H th 38% variance explained
ypotheses
F organized by category G organized by cyto H organized by age
° °
o%e °
..:'o LA . ::. oo, .:.
o e o %e ° % ° ® ®e °
N °® 0e® ® e ©© °
S A S e S gt
° ° o o® o o
° ° ° L X ] °
° :o °
oo oo Y
PC1 PC1 PC1
e places e words FG2 ®FG3 ®FG4 Omonths @ 6 months
® faces bodies 3 months adults

142

143 Figure 1. Functional atlas and analysis pipeline. A) mFus-faces aligns to the mid-fusiform sulcus in the fsaverage brain
144 space (left) and B) the newborn brain space (right). C) Left: Functional region of interest (fROI) atlas from 28 adults in?°
145 and Atlas of cytoarchitectonic areas from® projected to the fsaverage brain; Right: the same atlases projected into an
146 example newborn’s brain (17 days old). Solid colors represent fROIls. Salmon pink: mFus-faces (mid fusiform face-
147 selective region); Light blue: mOTS-words (mid occipital temporal sulcus word-selective region); Yellow: OTS-bodies
148 (occipital temporal sulcus body and limb-selective region); Red: pFus-faces (posterior fusiform face-selective region);
149 Blue: pOTS-words (posterior occipital temporal sulcus word-selective region). Green: CoS-places (collateral sulcus place-
150 selective region). Outlines represent cytoarchitectonic areas®. Cyan: FG2; Green: FG3; Magenta: FG4. Both fROIs and
151 cytoarchitectonic areas align to the expected anatomical landmarks in the newborn. All individuals in Supplementary Figs
152 2-9. D) Pipeline to define white matter connectivity profiles for each fROI. Left: example connections of mFus-faces in an
153 individual newborn; Middle: endpoint map on the cortical surface; Right: quantification of endpoint density within each
154 Glasser ROI. E) Principal Components Analysis plot across the first two principal components: explaining 38% and 20%
155 of the variance, respectively. Each dot represents a single connectivity profile in a single subject; colored dot represents
156 the connectivity profile shown in (D). (F-H) Schematics illustrating what the data may look like in PC space according to
157 the predictions of three hypotheses. Each dot represents a connectivity profile for a given fROI and session. (F) Category
158 hypothesis. Green: place-selective, blue: word-selective, red: face-selective, yellow: body-selective. G) Cytoarchitectonic
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159 hypothesis. Cyan: FG2, green: FG3, magenta: FG4. H) Age hypothesis. Salmon pink: 0-months, green: 3 months, blue: 6
160  months, purple: adults. FG: fusiform gyrus.

161  To ensure that fROIs and cytoarchitectonic areas align to the expected anatomical landmarks in
162 each infant and adult session, we visually inspected each session to ensure that there is a
163  consistent relationship between projected ROIs and anatomical landmarks. First, we checked
164  whether the collateral sulcus (CoS) and mid fusiform sulcus (MFS) are present in both
165  hemispheres. We found that the anatomical landmarks were present in nearly each infant (CoS:
166  67/67, MFS: 66/67) and adult (CoS: 21/21, MFS: 19/21) session. Next, we tested whether CoS-
167  places aligns to the intersection of the anterior lingual sulcus and CoS®°, mFus-faces aligns to the
168  anterior tip of the MFS®/, and whether the boundaries between FG1 and FG2 and between FG3 and
169  FG4 are aligned to the MFS, as in prior studies?*¢. We find that both fROIs and cytoarchitectonic
170  areas are aligned to the expected anatomical landmarks in nearly each infant (fROIs; LH: 66/67,
171 RH: 65/67, cytoarchitectonic areas; LH: 67/67, RH: 62/67) and adult (fROIs: LH: 21/21, RH: 21/21,
172  cytoarchitectonic areas; LH: 20/21, RH: 21/21) (Supplementary Figs 2-9). Therefore, in both infants
173  and adults there is a consistent relationship between MPMs of category-selective regions and
174  cytoarchitectonic areas?*®®, where pOTS-words and pFus-faces are within FG2, CoS-places is
175  within FG3, and mFus-faces, OTS-bodies, and mOTS-words are within FG4 (Fig 1C).

176  We use a data-driven approach to determine the organizing principles of white matter connections
177  of VTC. As the category and cytoarchitecture hypotheses make predictions about connectivity
178  across the whole brain, whereas the eccentricity-bias hypothesis makes predictions only about
179  connectivity with EVC, we first test if whole brain connectivity profiles are organized by category-
180  selectivity or cytoarchitecture. In addition, we test if whole brain connectivity profiles are organized
181 by age to determine if connectivity profiles are stable or changing over development. We separately
182  examine the eccentricity-bias hypothesis in the next section.

183  We derived each fROI's white matter connections by intersecting each fROI with the whole brain
184  white matter connectome derived from dMRI in each session (Fig 1D). We quantified the white
185  matter connectivity profile by measuring the endpoint density of each fROI's connections on the
186  whole brain as the proportion of connections ending in each of 169 Glasser Atlas ROIs®® (180
187  Glasser ROIs excluding 11 VTC ROls, Fig 1D). This resulted in 880 unique connectivity profiles (10
188  fROIs x 88 sessions across infants and adults). Then we used principal component analysis (PCA)
189  to reduce the dimensionality of the connectivity profiles. The first 10 principal components (PCs)
190  explain 98% of the variance in the data, with the first and second components explaining 38% and
191 20%, respectively.

192  To visualize how connectivity profiles cluster, we plot the connectivity profiles of all fROIs and
193  sessions in PC space (Fig T1E). The plot consists of 880 dots including data from all infants and
194  adults, where each dot represents a single connectivity profile of an fROI from one session. Note
195 that each white matter connectivity profile has several non-mutually exclusive features: the
196  category-selectivity of the fROI, the cytoarchitectonic area in which the fROI is located, and the age
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197  of the participant. Therefore, we can label each connectivity profile by each of these features
198  (category, cytoarchitecture, age group) and test if connectivity profiles cluster by one or more of
199  these features. For example, if connectivity profiles are organized by category, then connectivity
200 profiles of fROIs with the same category-selectivity would be nearby in PC space and separate from
201  connectivity profiles of fROIs with a different category-selectivity (Fig 1F). However, if connectivity
202 profiles are organized by cytoarchitecture, then connectivity profiles of fROIs in the same
203  cytoarchitectonic area would be nearby in PC space (Fig 1G). Further, if connectivity profiles change
204  across development, then connectivity profiles of newborns may be different than other age groups
205  and connectivity profiles of adults may be most distinct (Fig TH).

A Category B Cyto C Age
0.10 § 010 &
& o face
o 005 5 FG2 0.05 %& & 0 months
5 o word AN g
8 0.00 FG3 8 0.00 | @“5’ 3 months
body : 6 months
-0.05 a FG4 -0.05 SR
' @ © place ' s 2 Adults
-0.10 °°° -0.10 -0.10
-0.1 0.0 0.1 -0.1 0.0 0.1 -0.1 00 0.1
PC1 PC1 PC1
D Category E Cyto F
- ' > l
face 93.18 n 3M 26 1435 1913
body 11.36 | 32.95 | 55.68 FG3 - - *
[$]\V/ I 3048 05 2095 | 29.52 25
- - o Rl AT
O S
N 5 O VoD I
O ’Zr 07 \°
$\QQ\ & L& L RN

206

207 Figure 2. White matter connections are organized by cytoarchitecture and category from infancy. (A-C) White matter
208 connectivity profiles of all participants (n = 88) and fROIs (n=10) projected to the first two principal components (PC1
209 and PC2); each dot is a connectivity profile of a single fROI and session. The same data is shown in all three panels,
210 except that they are colored by different features. (A) Category: Red: faces, green: places, blue: words, yellow: bodies, (B)
211 Cytoarchitectonic area: Cyan: FG2, green: FG3, magenta: FG4. FG: fusiform gyrus. (C) Age group: Salmon: newborn, green:
212 3 months, teal: 6 months, purple: adults. (D-F) Classification accuracy of a feature from white matter connectivity profiles,
213 using multinomial logistic regression with leave-one-out-participant cross validation. In D-F, Rows sum to 100. Color
214 depicts the percentage of samples classified within each bin; brighter colors indicate higher percentage of samples (see
215 color bar). On diagonal values are percentage correct classification and off diagonal values are percentage incorrect
216 classification (D) Confusion matrix for classification of category. (E) Confusion matrix for classification of
217 cytoarchitectonic area. (F) Confusion matrix for classification of age group. Overall classification accuracy is found in
218  Supplementary Figure 11.

219  Labeling connectivity profiles by fROIs’ preferred category reveals some clustering by category (Fig
220 2A). For example, connectivity profiles of face- and place-selective ROls tend to be clustered and
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221  separate from others. However, clustering by category is imperfect, as connectivity profiles of
222  word-selective regions split into two clusters, and there is overlap between the connectivity profiles
223 of word- and body-selective fROIs. In contrast, labeling connectivity profiles by fROIs'
224 cytoarchitectonic area reveals a strikingly clear organization whereby connectivity profiles of each
225  of the fusiform gyrus (FG) cytoarchitectonic areas FG2, FG3, FG4 form a different cluster with a
226  distinct connectivity profile (Fig 2B). Examination of the PC loadings (Supplementary Fig 10) and
227  the coefficients across the first 2 PCs suggests that connectivity profiles of fROIs in different
228  cytoarchitectonic areas largely vary in their connections to early visual, lateral occipito-temporal,
229 and anterior temporal cortex. Finally, labeling connectivity profiles by participant's age group
230 reveals that connectivity profiles are intermixed across age groups with no clear organization by
231  age across the first 2 PCs (Fig 2C).

232  To utilize the information across all 10 PCs, we use a leave-one-out classification approach to test
233 if a classifier trained on white matter connectivity profiles of n-1 participants can predict the
234  category preference, cytoarchitectonic area, or the participant's age group from the left-out
235  participant’'s connectivity profiles. We find that category (mean accuracy+SD = 83%+10%, 95% Cl =
236  [81%, 85%], t(87) = 54.68, p < 0.001, Cohen’s d = 5.83), cytoarchitecture (mean accuracy+SD=
237  97%t5%, 95% Cl = [95%, 98%], t(87) = 109.6, p < 0.001, Cohen’s d = 11.68), and age (mean
238  accuracy+SD = 41%+ 27%, 95% Cl = [35%, 46%), t(87) = 5.48, p < 0.001, Cohen’s d = 0.58) are all
239 classified significantly above chance (Supplementary Fig 11). Classification of cytoarchitecture is
240  significantly higher than classification of category preference (odds ratio= 5.96, 95% CI [3.98 8.93],
241 binomial logistic regression) and age (odds ratio = 41.51, 95% Cl [28.16, 61.19], binary logistic
242  regression). Confusion matrices reveal almost no error for cytoarchitecture classification (Fig 2E),
243  but some category errors that arise from confusion of word-and body-selectivity as well as
244  confusion of body and face-selectivity (Fig 2D). The confusion matrix for age classification (Fig 2F)
245  reveals that newborns and adults are classified the best, that 3-month-olds are often confused for
246  newborns, and that 6-month-olds are equally confused across all age groups. This suggests that
247  there is heterogeneity in the connectivity profiles of 6-months-olds, and that around 6 months of
248  age, the white matter connections of some infants may start to become more adult-like, while
249  connections in others resemble 3-month-olds and even newborns.

250  As there are unbalanced training sets (e.g., two face-selective vs. one body-selective fROI), we
251  performed an additional analysis where we created a training set that had an equal number of
252  examples for each label by sampling the training set with replacement. We find similar
253  classification results with balanced examples in the training data (Supplementary Fig 12).

254  To assess if the high classification performance of cytoarchitecture is due to higher anatomical
255  proximity of fROIs within the same cytoarchitectonic area compared to those in distinct
256  cytoarchitectonic areas, we repeated the classification analysis on connectivity profiles of
257  equidistant disk ROIs that are either in the same (FG4) or different (FG2/FG4) cytoarchitectonic
258  areas (Supplementary Fig13A,B). We reasoned that if anatomical proximity explains classification
259  results, then classification accuracy would be reduced once distance is controlled. However, even
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260 when distance was held constant, cytoarchitecture is classified from the connectivity profiles with
261  high accuracy (Supplementary Fig13C, mean accuracy+SD=95%+22%, t(87) = 31.62, p < 0.001,
262  Cohen’s d = 3.37, 95% Cl = [0.92,0.98]), suggesting that organization of connectivity profiles by
263  cytoarchitecture is not just due to anatomical distance between fROIs.

264 Interestingly, both category and cytoarchitecture classification are not significantly different across
265  age groups (comparison between newborns, 3-month-olds, and 6-month-olds compared to adults
266  (newborns: odds ratio =1.20, 95% CI [0.77, 1.89], 3-months: odds ratio =1.01, 95% CI [0.65, 1.56], 6-
267  months: odds ratio =1.05, 95% CI [0.67, 1.65], binomial logistic regression). Indeed, examination of
268 the organization structure across the first 2 PCs separately for each age group reveals similar
269 organization across age groups (Supplementary Fig 14). These analyses suggest that
270  organizational features of white matter connections by cytoarchitecture and category persist
271  across development.

272  Are Connections Between VTC and EVC Organized Retinotopically?

273  Totest the eccentricity-bias hypothesis we next examined the subset of connections between each
274  fROI and early visual cortex (EVC). We reasoned that if connections between VTC and EVC are
275  organized by eccentricity from birth, then fROIs that overlap with foveal representations in adults
276  (pFus-faces, pOTS-faces, mFus-faces, OTS-bodies, mOTS-words) would have more white matter
277  connections to central than peripheral eccentricities in EVC in infancy, and fROIs that overlap with
278  peripheral representations in adults (CoS-places) would have more connections to peripheral than
279  central eccentricities in VTC in infancy. To test these predictions, we measured the distribution of
280  white matter endpoints between each of the VTC category-selective fROIls and three eccentricity
281 bands in EVC: 0-5°, 5-10°, and 10-20° and compared across age groups.

282  We first visualized the white matter connections between each fROI and EVC, coloring the white
283  matter connections according to the endpoint eccentricity in EVC. This visualization reveals a
284  striking orderly arrangement of the connections from each eccentricity band to each of the fROIs
285 inbothinfants and adults (Fig 3A and 3B; 3D visualization: Supplementary Videos 1-4). Specifically,
286  inall age groups, newborns to adults, there is a lateral to medial arrangement of connections such
287  that connections to EVC central eccentricities (red, 0-5°) are more lateral, and connections to more
288  peripheral EVC eccentricities are more medial (green, 5-10° to blue, 10-20°; Fig 3A,B).
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290 Figure 3. White matter connections of VTC are organized by eccentricity from birth. Connections between each fROI and
291 early visual cortex (EVC, union of V1, V2, V3) in an example newborn (A) and an example adult (B). Here we show data
292 for the left hemisphere as it includes all 6 fROIs; data for the right hemisphere is in Supplementary Fig 56. Connections
293 are colored by the endpoint eccentricity band in EVC: Red: 0-5°, green: 5-10°, blue: 10-20°. (C) Quantification of the
294 percentage of endpoints in each eccentricity band by age group for each fROI. Violin plots indicate distributions of the

295 percentage of connections for each age group and eccentricity band. Black dot and error bars: mean4: standard error of
296 the mean. Red: 0-5°, green: 5-10°, blue: 10-20°, see inset. OM: newborns (n = 23), 3M: 3 month-olds (n = 23), 6M: 6 month-
297  olds (n=21), A adults (n = 21). Bottom horizontal lines: cytoarchitectonic area.

298  We then quantified the distributions of endpoint connections to EVC for each fROI and age group.
299  Consistent with the predictions of the eccentricity-bias hypothesis, in all age groups, pFus-faces,
300 pOTS-words, mFus-faces, OTS-bodies, and mOTS-words have more connections to the EVC 0-5°
301  eccentricity band than the more peripheral eccentricities (Fig 3C) and CoS-places has more
302  connections to the EVC 10-20° eccentricity band than to the more central eccentricities, which may
303  be supported by the medial occipital longitudinal tract®’ (Fig 3C). Additionally, the connections from
304 VTC to EVC by eccentricity band also mirror the cytoarchitectonic organization of the VTC
305 connectivity profiles. Specifically, across all age groups: (i) pFus-faces and pOTS-words, which are
306 located in cytoarchitectonic area FG2, have ~60% of their connections to the EVC 0-5° eccentricity
307  band, whereas (iii) CoS-places, which is located in FG3, has ~40% of its connections to the EVC 10-
308  20° eccentricity band, and (iii) mFus-faces, OTS-bodies, and mOTS-words in FG4 have 40-50% of
309 their EVC connections in the central 5° (Fig 4C).

310  We further tested how eccentricity is related to the features of cytoarchitecture, category, and age
311 that we examined in the whole brain analysis. To do so, for each fROI we fit a linear model predicting
312  the percentage of connections to the central 5° by cytoarchitecture, category-selectivity, and age
313  group. As the percentage of connections to each eccentricity band is proportional, we use the
314  percentage of connections to the central 5° as the independent variable, where a greater
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315  percentage connections to the central 5° indicate more connections to central eccentricity bands,
316  and fewer connections to the central 5° indicate more connections to peripheral eccentricity bands.

317  We find a main effect of cytoarchitecture (F(2,504) = 390.02, p < 0.001, n? = 0.61), suggesting that
318  regions that are in distinct cytoarchitectonic areas have different percentages of connections with
319  the central 5° of EVC. In particular, the majority of connections between FG2 and EVC are in the
320 central 5°, but FG3 has a minority of connections in the central 5° (mean+sd: FG2: 63.57%+14.41%,
321 FGS3:26.58%+8.33%, 4: 43.97%+9.34%). Additionally, there is a main effect of category-selectivity
322  (F(2,504) =8.32,p<0.001,n? = 0.03), reflecting that regions with different category-selectivity also
323  have different percentages of connections with the central 5° of EVC. Face- and word-selective
324  regions have a majority of connections with the central 5°, but place-selective regions have only a
325 minority (meantsd: faces: 51.70%+15.02%, words: 56.21%+15.73%, places: 26.58%+8.33%,
326  bodies: 43.23%+9.05%). In contrast, there is no main effect of age group (F(3,504) = 1.14,p = 0.33,
327 n?=6.77x10%), and no significant interaction between category and age (F(6,504) = 0.93, p = 0.47,
328 n? = 0.01). There are, however, significant interactions between cytoarchitecture and category
329  (F(1,504) = 24.55, p < 0.007, n? = 0.05), cytoarchitecture and age (F(6,504) = 3.59, p = 0.002, n? =
330 0.04), and between cytoarchitecture, category, and age (F(3,504) = 2.76, p = 0.04, n? = 0.02). Post-
331 hoc tests reveal that the cytoarchitecture by category interaction is driven by differences in
332  percentage of connections with the central 5° between pFus-faces and pOTS-words in FG2 (t(87)
333 =5.68,p<0.001, Bonferroni corrected, Cohen’s d = 0.75, mean difference =-10.09,95% Cl = [-13.63,
334 -6.56)), as well as differences in percentage of connections to the central 5° between mFus-faces
335 and OTS-bodies in FG4 (t(87) = 3.68, p = .0016, Bonferroni corrected, Cohen’s d = 0.17, mean
336  difference = 1.08,95% Cl =[0.76, 2.55]). Further post-hoc tests reveal that differential development
337 is due to a decrease in the percentage of connections from FG4 with the EVC central 5° over
338  development (B =-2.75,95% Cl = [-4.34,-1.16], (163.09) = -3.39, p = 0.0027, Bonferroni corrected),
339  and a differential development within FG2 where there is a significant increase in the connections
340 of pOTS-words with central 5° of EVC over development (B = 3.95,95% Cl =[1.75, 6.14], 1(81.26) =
341  3.52,p =0.0042, Bonferroni corrected), but no significant development in the percentage of pFus-
342  faces connections with the central 5° (B = -0.78, 95% CI = [-4.05, 2.49], t(85.90) = -0.47, p = 1,
343  Bonferroni corrected). These results suggest that in addition to cytoarchitecture, and category,
344  white matter connections of VTC are organized topographically by eccentricity from birth and that
345  the differential proportion of connections between VTC and different eccentricity bands from birth
346  mirrors the eccentricity bias of both cytoarchitectonic areas and category-selective regions in VTC.

347 Do Connections of VTC Develop from Infancy to Adulthood?

348 In addition to revealing the organizing principles of white matter connections by cytoarchitecture,
349  category, and eccentricity, we also found evidence for development: we were able to classify the
350  age group of the participant above chance from the whole connectivity profile, and we found some
351  developmental changes in connectivity with EVC. To qualitatively assess how white matter
352  connections of VTC change over development, we visualized the white matter connections of all
353  category-selective fROIs in all participants. Fig 4 shows an example infant at newborn, 3 months,
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354  and 6 months as well as an example adult (connections of all participants in Supplementary Figs
355  15-54).

newborn 3 months 6 months Adult
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357 Figure 4. Connectivity of VTC develops from infancy to adulthood. (A) Connections of each fROI in an individual infant
358 across three time points (newborn, 3 months, 6 months) next to an example adult shown in a sagittal cross section.
359 Brains are shown to scale, scale bar, bottom left. Each row is a different fROI ordered by cytoarchitectonic area; from
360 top to bottom: FG2 to FG4. (B) Change in endpoint density over development for each fROI's connectivity profile. The
361 color of the Glasser ROI indicates the development in endpoint density over time, namely the slope of the regression:
362 endpoint density ~ log10(age in days). Green: decreasing endpoint density over development, magenta: increasing
363 endpoint density over development. Black arrow: primary visual area (V1); Green arrow: primary somatosensory area (S1).
364 Each row shows the development of white matter connections of an fROIl; rows ordered identical to (A). Here we show
365 data for the left hemisphere; data for the right hemisphere is in Supplementary Fig 55.

366  Consistent with the prior analyses, within an age group, white matter connections of fROls in the
367  same cytoarchitectonic area were similar. For example, in the example newborn, pFus-faces and
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368 pOTS-words, both in FG2, are characterized by vertical connections to dorsal occipital cortex and
369 longitudinal connections to both the anterior temporal lobe and early visual cortex (Fig 3A, top 2
370 rows). However, we also observe developmental changes. For example, pFus-faces and pOTS-
371  words appear to have more abundant vertical connections in infants than adults, but more
372  connections to the frontal cortex in adults than infants (Fig 3A, Supplementary Figs 23-30, 51-54
373 all participants). We see a similar pattern for the white matter connections of fROIs in FG4: mFus-
374  faces, OTS-bodies, and OTS-words show similar connectivity profiles at each timepoint (e.g.,
375 newborn), yet we also observe developmental differences: vertical connections appear more
376  abundant in newborns than adults, but connections to the frontal cortex appear to be more
377  abundant in adults than infants (Fig 3A, bottom row, Supplementary Figs 15-22, 31-38,47-50). For
378 CoS-places, located medially in FG3, there is a different connectivity profile and a different
379  developmental pattern: in newborns, CoS-places has abundant frontal, vertical, and longitudinal
380  connections to both occipital and anterior temporal lobes, but in adults there appear to be fewer
381  frontal and vertical connections (Fig 3A-third row, Supplementary Figs 39-46).

382  To quantify developmental changes, we tested whether each fROI's endpoint density, quantified as
383  the proportion of connections in each Glasser ROI, varies as a function of age (fROI endpoint
384  density ~ log10(age in days) x Glasser ROI, linear model). As expected, fROIs" endpoint density vary
385 across the brain (significant main effect of Glasser ROI; Fs > 74.94, ps < 0.0071; statistics in
386  Supplementary Table 1) reflecting that fROIs have non-uniform connectivity across the brain.
387  Additionally, fROIs" endpoint density differentially vary with age across the brain (significant age by
388  Glasser ROl interaction; Fs > 3.54, ps < 0.001; statistics in Supplementary Table 1; repeated with
389  correction for gestational age in Supplementary Table 2). As we find a differential development
390 across the brain, for each fROI, we calculate the change in endpoint density across age per Glasser
391 ROl (endpoint density ~ log10(age in days), linear model). Then, we visualize the slope of this model
392  foreach Glasser ROI (Fig 4D). A positive slope (magenta) indicates that the endpoint density within
393 the Glasser ROl increases from infancy to adulthood, whereas a negative slope (green) indicates
394  that endpoint density decreases with age.

395  This analysis reveals both developmental increases and decreases in endpoint density with distinct
396  spatial characteristics. First, there are common developmental patterns for face, word, and body
397  fROIs (Fig 4-right): endpoint densities to lateral occipital and dorsal occipito-parietal visual Glasser
398 ROIs as well as somatosensory areas decrease (Fig 4-green arrows), but endpoint densities to
399 lateral prefrontal Glasser ROIs increase (Fig 4). There is also differential development of white
400  matter connections of fROIs in FG2 (pOTS-words, pFus-faces) compared to FG4 (mFus-faces
401 mOTS-words, and OTS-bodies): the former show developmental decreases in endpoint densities in
402 V1 and early visual cortex more broadly (Fig 4-medial view) but the latter show developmental
403 increases. Finally, for CoS-places, which is in FG3, we find mostly developmental decreases in
404  endpoint densities in both visual and orbitofrontal cortex with increases in endpoint densities in
405  ventral temporal lateral regions.
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406  Finally, we tested whether development was more similar for fROIs with the same cytoarchitectonic
407 area or same category-selectivity. We used a bootstrapping procedure to estimate the
408  developmental slopes (Methods) and evaluated the similarity between white matter development
409 by calculating the pairwise correlation between the development slopes across Glasser ROI for
410  each pair of fROIs. We then fit a linear model to test whether the correlation was higher for fROIs
411  with the same cytoarchitecture or category-selectivity (linear model: Fisher transformed correlation
412  ~ cytoarchitecture + category, adjusted R? = 0.81). We find a significant main effect of
413  cytoarchitecture (t(14997) = 248.0, p < 0.001, 95% CI = [0.88, 0.89]), reflecting that regions within
414  the same cytoarchitectonic area had more similar developmental slopes (correlation+sd: .78+11)
415 than regions in different cytoarchitectonic areas (correlation+sd: .25+13). There was also a
416  significant main effect of category (t(14997) = 32.7, p < 0.001, 95% Cl = [0.14, 0.16]). However, here
417  we find that regions with the same category-selectivity had less similar developmental slopes
418  (correlationtsd: .36+16) than regions with different category-selectivity (correlation+sd: .40+.28).
419  These analyses suggest that although the relationship between white matter and cytoarchitecture
420 is consistent over development, connectivity profiles develop in parallel within each
421  cytoarchitectonic area, with both developmental increases and decreases in endpoint densities.

422 Discussion

423  Here, we use anatomical and diffusion MRI in infants within the first six months of life and in adults
424  to determine the organizing principles and developmental trajectories of the white matter
425  connections of regions in VTC. We find that white matter connections are organized by
426  cytoarchitecture, eccentricity, and category from birth. We also find evidence for development of
427  white matter connections of VTC, with increasing endpoint density to lateral frontal cortex, and
428  decreasing endpoint density to lateral occipital, parietal, somatosensory, and orbitofrontal cortex.
429  These findings have important implications for understanding the interplay between nature and
430  nurture on both white matter connections and functional brain development.

431  Cytoarchitecture and eccentricity are organizing principles

432 Here, we tested theories that suggest that innate white matter connections support the
433  organization of VTC. When we use the term innate, we refer to the organization of white matter
434  connections at birth, prior to the experience of patterned vision outside the womb. A predominant
435 theory suggests that the consistent organization of category-selective regions in VTC is due to
436  innate white matter connections that support category-specific processing' 233!, While we find
437  that in infancy white matter connections are organized to a certain extent by category, especially
438 for faces and places, several of our empirical findings suggest that cytoarchitecture and
439  eccentricity are more parsimonious organizing principles of white matter connectivity from infancy
440  to adulthood. Even as both category and cytoarchitecture can be classified from white matter
441  connectivity profiles irrespective of age, classification of cytoarchitecture is higher than category-
442  selectivity. In addition, the subset of connections between VTC and early visual cortex are
443  organized topographically by eccentricity bands and show similar eccentricity biases for functional
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444  regions that are selective for different categories but located in the same cytoarchitectonic area.
445  Finally, connectivity profiles of functional regions in the same cytoarchitectonic area largely
446  develop in parallel from infancy to adulthood.

447  This organization by cytoarchitecture and eccentricity suggests that these are general principles
448  underlying the white matter organization of the visual system, which may predate and constrain
449  the coupling of white matter connections and brain function. That is, our data suggest a theoretical
450  shift: rather than humans being born with specialized connections to support category-specific
451  processing, cytoarchitectonic boundaries and eccentricity gradients are the innate organizing
452  principles of white matter connections of the visual system. Indeed, in children and adults
453  cytoarchitecture and eccentricity are linked as the boundary between lateral and medial
454  cytoarchitectonic areas in VTC align to the transition between foveal and peripheral
455  representations in VTC?057%862  As we find that white matter connections are organized by
456  eccentricity from birth, one functional prediction is that eccentricity biases in VTC”# will also be
457  present from birth. Nonetheless, we underscore that white matter connections start developing
458  before birth during the second and third trimesters of gestation®. Thus, an important direction for
459  future research is understanding how the prenatal environment in the womb®® and retinal waves®
460  prior to birth contribute to the organization of white matter connections of the visual system at
461  birth.

462  As cytoarchitectonic®°965-68 and retinotopic organization’#2%°=’1 are prevalent across the entire
463  visual system, we hypothesize that these two organizing principles may underlie the white matter
464  organization of the visual system more broadly. This hypothesis can be tested in future research,
465  for example, in the parietal cortex that contains a series of retinotopic’?’® and cytoarchitectonic®®
466  areas. Critically, as cytoarchitecture3>®074%575-78 “and topography’®®® are also key features
467  distinguishing brain areas beyond the visual system, e.g., language®’, our findings raise the
468  possibility that white matter connections are innately organized by cytoarchitecture and
469  topographic gradients even beyond the visual system and throughout the entire brain. This
470  hypothesis can be tested in future research leveraging large anatomical and diffusion MRI datasets
471  that are being collected in infants®286,

472  Development of white matter connections of VTC

473  While we find innate organization of white matter connections, we also find that the connectivity
474  profiles of fROIs within the same cytoarchitectonic area develop in parallel from infancy to
475  adulthood. Endpoint density from VTC to the frontal lobe showed both developmental increases
476  and decreases. Endpoint density from FG2 and FG4 in lateral VTC to prefrontal cortex increased
477  overdevelopment but from FG3 in medial VTC to orbitofrontal cortex decreased. The former finding
478 is consistent with observations that the arcuate fasciculus®’ is underdeveloped in infants, only
479  reaching the precentral gyrus and premotor cortex in newborns, and not reaching lateral prefrontal
480  cortex as it does in adults®€e,
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481  Additionally, we find developmental decreases in endpoint density between VTC and lateral
482  occipital, parietal, and somatosensory cortex. Our observations in the human visual system mirror
483  results from a large body of tracer studies in cats and macaques that documented exuberant
484  connections between V1, V2, and V3% " as well as between early visual areas and somatosensory
485 areas®®. These exuberant connections are present early in development and then eliminated by
486  adulthood®®2°* Our data not only suggest that exuberant connections may exist in the human
487  visual system, but also suggest the possibility that connections between VTC and both the lateral
488  and dorsal visual streams'”?°-°¢ may decrease over development.

489  We acknowledge that our in-vivo dMRI measurements do not enable us to make inferences about
490  the cellular and molecular underpinnings of the development of white matter connectivity profiles,
491  and there are multiple possible underlying causes of the developmental effects that we observed.
492  For example, increases in connectivity may reflect a pathway that exists at birth and becomes
493  myelinated over development*®, or a pathway that exists at birth and becomes expanded over
494  development®. Likewise, the observation of decreasing connections may reflect decreases in
495  connectivity or increases in crossing fibers. Future studies can examine if developmental increases
496  in endpoint density may be related to increased myelination®®192, axonal sprouting'®'%® and glial
497  proliferation'1%2 that are associated with activity-dependent white matter plasticity'%6'%.
498  Additionally, future studies can test whether developmental decreases in endpoint density may be
499 related to elimination of exuberant long range connections®®°2-94,

500 Implications for theories of functional development of VTC

501  Our findings that the white matter connections of VTC have both innate organization and the
502 capacity to change over development raise questions about the relationship between white matter
503 and function in atypical development. One question is whether lack of visual experience may
504  reshape white matter connectivity profiles of VTC and consequently function™. For example, it is
505  unknown if lack of visual experience may lead to the preservation of connections between VTC and
506  somatosensory cortex, which in turn, may enable VTC to respond to haptic inputs in individuals
507  who are congenitally blind'®. Critically, our framework enables measuring the fine-grained white
508  matter connections of VTC in individual infants longitudinally'®, increasing accuracy and precision
509 in measuring the interplay between white matter connections, functional regions, and anatomy
510  across development. Our framework thus opens opportunities not only for evaluating development
511  of white matter associated with functional regions in large infant datasets® 8 but also for early
512 identification and assessment of developmental disorders associated with VTC such as autism''%"
513 '3, Williams syndrome'"#, congenital prosopagnosia''®''¢, and dyslexia'7"10-113,

514  Together, the present study advances our understanding of white matter organization in the visual
515  system suggesting that cytoarchitecture, eccentricity, and category are organizing principles from
516  birth, even as aspects of the white matter develop from infancy to adulthood. These data have
517  implications not only for theories of cortical functional development, but also have ramifications
518 for early identification of atypical white matter development.
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519 Methods

520  Participants

521  The study was approved by the Institutional Review Board of Stanford University and complies with
522  all ethical regulations. Adult participants and parents of infant participants provided written
523 informed consent prior to their scan session. Both infant and adult participants were paid $25/hour
524  for participation.

525  Expectant parent and infant screening procedure

526  Expectant parents and their infants in our study were recruited from the San Francisco Bay Area
527  using social media platforms. We performed a two-step screening process. First, parents were
528  screened over the phone for eligibility based on exclusionary criteria designed to recruit a sample
529  of typically developing infants. Second, eligible expectant mothers were screened once again after
530 giving birth. Exclusionary criteria were as follows: recreational drug use during pregnancy,
531  significant alcohol use during pregnancy (> 3 instances of alcohol consumption per trimester; more
532  than 1 drink/instance), taking prescription medications for a disorder involving psychosis or mania
533  during pregnancy, insufficient written and spoken English ability to understand study instructions,
534  orlearning disabilities. Exclusionary criteria for infants were preterm birth (<37 gestational weeks),
535 low birthweight (<51Ibs 80z), congenital, genetic, and neurological disorders, visual problems,
536  complications during birth that involved the infant (e.g., NICU stay), history of head trauma, and
537  contraindications for MRI (e.g., metal implants).

538 43 full term infants following a typical pregnancy (gestational weeks: 39.31+1.32, meansd)
539 participated in a total of 75 MRI sessions. Two sessions were excluded for missing diffusion data,
540  and six sessions were excluded for too much motion (see Quality Assurance). We report data from
541 42 infants over 67 sessions (21 longitudinal): sex: 16 female, 26 male; race and ethnicity: 4 Asian,
542 5 Hispanic, 11 Multiracial, and 22 White participants; age: n=23 newborns (28.56 + 10.21days,
543  meantsd), n=23 3-month-olds (106.91 + 19.33 days), and n=21 6-month-olds (189.05 +15.77 days).

544  We also collected data from 21 adults: sex: 17 female, 4 male; race and ethnicity: 12 Asian, 1
545  Hispanic, 2 Multiracial, and 6 White participants; age: M=28.21 years, SD=5.51 years. All adult
546  sessions met inclusion criteria. No statistical methods were used to pre-determine sample sizes,
547  but our sample sizes are similar to previous publications®.

548  MRI acquisitions
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549  Scanning sessions were scheduled in the evenings around infants’ bedtime and were done during
550 natural sleep. Infant data were acquired on a 3T GE Ultra High Performance (UHP) scanner (GE
551  Healthcare, Waukesha, WI) equipped with a customized 32-channel infant head-coil 8.

552  Hearing protection included soft wax earplugs, and MRI compatible neonatal noise attenuators
553  (https://newborncare.natus.com/products-services/newborn-care-products/nursery-

554  essentials/minimuffs-neonatal-noise-attenuators), and headphones
555  (https://www.alpinehearingprotection.com/products/muffy-baby) that covered the infant's ears.
556  During sessions with newborns, an MR-safe plastic immobilizer (MedVac, www.supertechx-
557  ray.com) was used to stabilize the infant and their head position. When the infant was asleep, the
558  caregiver placed the infant on the scanner bed. Weighted bags were placed at the edges of the bed
559  to prevent side-to-side movements. Pads were also placed around the infant's head and body to
560  stabilize head position. An experimenter stayed inside the MR suite with the infant during the entire
561  scan.

562

563  During scan, experimenters monitored the infant using an infrared camera that was affixed to the
564  head coil and positioned for viewing the infant’s face. Experimenters stopped the scan if the infant
565  showed signs of waking or distress or excessively moved; scans were repeated if there was
566  excessive head motion.

567

568

569  Anatomical MRI acquisition

570

571  We obtained T1-weighted MRI data (GE's BRAVO sequence) for each infant and adult session with

572  the following parameters: TE = 2.9ms; TR = 6.9ms; voxel size = 0.8x 0.8 x0.8 [m?]; FOV = 20.5 cm;
573  Scantime: 3:05 min. We obtained T2-weighted MRI data for each infant session as the T2-weighted
574  contrast between different tissue types is better than T1-weighted images for young infants. T2-
575  weighted (GE's CUBE sequence) parameters: TE = 124ms; TR = 3650 ms; voxel size = 0.8x 0.8x 0.8
576  [mm?; FOV = 20.5 cm; Scan time: 4:05 min.

577  Anatomical MRI processing for infant sessions

578  The T1-weighted and T2-weighted images from each individual were aligned to a plane running
579  through the commissures (AC-PC transformed)using rigid body alignment (FSL FLIRT';
580 https://web.mit.edu/fsl_v5.0.10/fsl/doc/wiki/FLIRT(2f)UserGuide.html). Then, we used iBEAT
581  V2.0'?° to segment the white and gray matter. White matter segmentation was then manually fixed
582  for errors using ITKgray'?'. We used the manually edited segmentation file to reconstruct the
583  cortical surface with Infant FreeSurfer'?2,

584  Anatomical MRI processing for adult sessions
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585  The T1-weighted images were aligned to a plane running through the commissures (AC-PC
586 transformed). Tissue segmentation was done with Freesurfer v7.2123 .

587  Diffusion MRI (dMRI) acquisition

588 dMRI used the following parameters: multi-shell, #diffusion directions/b-value =9/0, 30/700,
589  64/2000; TE=757ms; TR=2800ms; voxel size=2x2x2[mm?; number of slices=60;
590 FOV =20cm; in-plane/through-plane acceleration = 1/3; scan time: 5:08 min. We also acquired a
591  short dMRI scan with reverse phase encoding direction and only 6 b = 0 images.

592  Diffusion MRI processing

593  dMRI data was preprocessed using MRtrix3'?* (https://github.com/MRtrix3/mrtrix3) in accordance
594  with prior work from the human connectome project and our lab 45125126 Data were denoised using
595  principal component analysis'?. We used FSL's top-up tool (https://fsl.fmrib.ox.ac.uk/) and one
596  image with reverse phase-encoding to correct for susceptibility-induced distortions. We used FSL's
597  eddy tool to perform eddy current and motion correction, where outlier slices were detected and
598  replaced'?® Finally we performed bias correction using ANTS™?
599  (https://picsl.upenn.edu/software/ants/). The preprocessed dMRI data were aligned to the T2-
600  weighted anatomy for infants, and T1-weighted anatomy for adults using whole-brain rigid body
601  registration. Alignment was checked manually.

602  Generating White Matter Connectomes

603  We generated a whole brain white matter connectome in each session using MRTrix3'?*. Voxel-
604  wise fiber orientation distributions (FODs) were calculated using constrained spherical
605  deconvolution (CSD). We used the Dhollander algorithm™ to estimate the three-tissue response
606  function. We computed FODs separately for the white matter and CSF. As in past work*>'%, the
607  gray matter was not modeled separately, as white and gray matter do not have sufficiently distinct
608  b-value dependencies to allow for a clean separation of the signals. Finally, we generated a whole
609  brain white matter connectome for each session using MRTrix3 tckgen. We used a FOD amplitude
610  threshold of 0.05. Tractography was optimized using the gray/white matter segmentation from
611  anatomical MRI data (Anatomically Constrained Tractography; ACT'®"). For each connectome, we
612  used probabilistic fiber tracking with the following parameters: iFOD2 algorithm, step size of 0.2
613 mm, minimum length of 4 mm, maximum length of 200 mm, and maximum angle of 15°.
614  Streamlines were randomly seeded on this gray-matter/white-matter interface, and each
615 connectome consisted of 5 million streamlines. This procedure is critical for accurately identifying
616  the connections that reach fROIs, which are in the gray matter'2

617  Quality Assurance
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618  To evaluate the quality of dMRI data we implemented three quality assurance measures: (i) We
619  measured the number of outliers (dMRI volumes with signal dropout measured by FSL's eddy tool).
620  The exclusion criterion was >5% outlier volumes as in past work?°. (i) We visualized in mrView the
621  fractional anisotropy (FA) colored by direction of the diffusion tensors to validate the expected
622 maps. That is, the existence of between hemispheric connections through the corpus callosum,
623  andtheinferior-superior directionality of the cerebral spinal tract. (i) We used babyAFQ?? to identify
624  the bundles of the brain and validate that the major bundles known to be present at birth#>4133 can
625  be found in each session.

626  These quality assurance measures lead to the following data exclusions:

627 (i) No adult sessions were excluded for outliers. Six infant sessions were excluded because they
628 had >5% outliers. After exclusion, there were no significant differences in outlier volumes between
629 infants and adults (infants: mean percent outliers+SD = 0.45% + 0.43%; adults: mean percent
630  outliers+SD = 0.29% + 0.10%; t(86) = 1.70, p = .092).

631 (i) We identified the corpus callosum with left-right directionality and corticospinal tract with
632  inferior-superior directionality in all infant and adult sessions; no data was excluded by this
633  measure.

634  (iii) We identified the major bundles in the infant brain using babyAFQ, and in adults using AFQ. In
635 each infant and adult session, we identified the arcuate (AF), posterior arcuate (pAF), vertical
636  occipital (VOF), inferior longitudinal (ILF), superior longitudinal (SLF), corticospinal (CST), cingulate
637 (CC), forceps major (FcMa), and forceps minor (FcMi), as such, no data were excluded. This
638 confirms the quality of dMRI data and our tracking procedure as we could identify the major white
639  matter bundles that are known to exist from birth in all sessions.

640  Cytoarchitectonic Areas of VTC

641 We used the Rosenke Atlas® that contains maximum probability maps (MPMs) of 8
642  cytoarchitectonic regions of the human ventral visual stream, created from 10 post mortem adult
643  samples published in® %% We used cortex based alignment in FreeSurfer®® (https://freesurfer.net/,
644  mri_label2label) to map the MPM of four cytoarchitectonic areas of the ventral stream FG1, FG2,
645  FG3, FG4 to each cortical surface for each of the 88 sessions in the study. Two independent raters
646 (SD, DO) manually checked each brain to examine if the mid fusiform sulcus (MFS) was the
647  boundary between FG3/FG4 and FG1/FG2 as reported in prior studies®®®. In places where there
648  were disagreements between the raters, data was checked by KGS. The analysis confirmed that
649 the boundaries between the cytoarchitectonic areas aligned with the MFS (see examples in Fig 1c)
650 except for five infants in the right hemisphere, and one adult in the left hemisphere.
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651  Category-Selective Regions of VTC

652 A functional atlas of category-selective regions of VTC was created from independent fMRI data in
653 28 adults (11 females and 17 males, ages 22.1-28.6 years, meanSD = 24.1+1.6 years)from a
654  previous study?®. Category-selective regions were defined in each of the individuals using the fLoc
655  experiment containing low-level and familiarity-controlled gray level images of items from 10 visual
656  categories'. Category-selective regions were defined using a voxel-level t-statistic contrasting
657  each category of interest with all other categories (t > 3, no spatial smoothing), and anatomical
658  criteria®®®. We defined two face-selective regions on the fusiform gyrus of each hemisphere,
659 mFus-faces and pFus-faces (contrast: faces > bodies, limbs, characters, objects, places). mFus-
660 facesislocated near the anterior tip of the mid fusiform sulcus (MFS), pFus-faces is in the posterior
661  fusiform. We defined OTS-bodies in both hemispheres as the region on the occipital temporal
662  sulcus selective for bodies (bodies and limbs > characters, faces, objects, places). We defined CoS-
663  places in both hemispheres as the region in the intersection between the collateral sulcus (CoS)
664  and anterior lingual sulcus (ALS) that was selective for places (places > faces, characters, objects,
665  bodies, limbs). Finally, we identified mOTS-words and pOTS-words as the regions in the occipital
666  temporal sulcus (OTS) that were selective for words (psuedowords > faces, scenes, objects, bodies,
667  limbs), where pOTS-words in on the posterior end of the OTS lateral to pFus-faces, and mOTS-
668  words is more anterior and lateral to mFus-faces. After identifying the functional regions within
669  each participant, we mapped the regions to the fsaverage template brain space using cortex based
670 alignment®. We then created probabilistic maps for each fROI where each vertex was the
671  probability of a participant having the fROI at that location. We thresholded the probabilistic maps
672  at .2 and then created MPMs, where in the case that two fROIs had probabilistic values > .2 at the
673  same vertex, the vertex was assigned to the fROI with the highest probability (as in'*¢). MPM-fROls
674  of word-selective regions were only found in the left hemisphere'” 138,

675 To map fROIs to individual participants’ cortical space for the 88 sessions of the main experiment,
676  we used cortex based alignment in Freesurfer®® (https://freesurfer.net/, mri_label2label). Two
677  independent raters (DO and SD) then visually checked each surface to ensure that the fROIs were
678 aligned to the expected anatomical landmarks in each individual participant. The raters checked
679  whether mFus-faces aligned to the mid fusiform sulcus (MFS) and whether CoS-places aligned to
680  the junction of the ALS and CoS. When there was disagreement, KGS then checked whether the
681  fROIs aligned to anatomical landmarks. Category-selective fROIs aligned to these anatomical
682 landmarks in all hemispheres except for one infant in which left hemisphere CoS-places did not
683  align to the junction or the ALS and CoS, and two infants in which right hemisphere mFus-faces did
684  notalign to the MFS. Supplementary Figs. 2-9 show the mapping of each fROI in each participant.

685  We tested whether fROI surface area relative to brain surface varied with age as follows:

686 (1) (fROI surface area)/(brain surface area) ~ log10(age in days).
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687  We found no significant differences between infants and adults on fROI surface area relative to
688  brain surface area (effect of age: t(878) = 8.77x10°, p = 0.88)), reflecting that fROIs were the same
689  size relative to the size of the brain regardless of age.

690 Identifying functionally defined white matter connections

691 To identify the white matter connections of each fROI, we intersected it with each individual's whole
692 brain connectome using an open source software package, FSuB-Extractor'®
693  (https://github.com/smeisler/fsub_extractor). The software takes in fROls in the native space of
694  each participant and projects them along the surface normal into the gray-matter-white-matter
695 interface. It then restricts the fROI to the gray-matter-white-matter interface and then selects all
696  streamlines that intersect with the fROI using a radial search with a search distance of 3mm.

697  Defining connectivity profiles

698  For each fROI, we define its connectivity profile. To do so, we took the white matter connections of
699  each fROI, projected their endpoints to the cortical surface using tract density imaging (TDI) with
700  MRTrix3' and calculated the distribution of these white matter endpoints across the cortical
701 surface. We transformed the TDI output into a distribution of endpoints by dividing the endpoint
702  map by the total number of endpoints. This results in an endpoint density map that sums to 1 for
703  each fROI and participant. We then used the Glasser Atlas®® to quantify how the endpoints were
704  distributed across the brain. We chose to use the Glasser Atlas because it covers the whole cortical
705  surface of each hemisphere, and because it divides cortex into meaningful parcellations according
706  to functional and anatomical criteria. For each fROI, we define the white matter connectivity profile
707  or the endpoint density in each region in the Glasser Atlas. The Glasser Atlas consists of 180
708 regions per hemisphere. As in prior work?, we excluded 11 VTC regions of the Glasser Atlas to
709  avoid quantifying looping fibers from the seed fROI. Therefore, each connectivity profile consisted
710  of the endpoint density across 169 regions in the Glasser Atlas within the same hemisphere of the
711 fROL

712  Principal Components Analysis

713  Because our connectivity profiles are high-dimensional (169), we used principal component
714 analysis (PCA function in MATLAB) to reduce the dimensionality of the connectivity profiles. We
715  conducted PCA on the 880 (10 fROIs x 88 sessions connectivity profiles) x 169 (Glasser ROIs)
716 endpoint connectivity matrix. We used find_curve_elbow in R
717  (https://rdrr.io/cran/pathviewr/man/find_curve_elbow.html) to find the elbow of the curve of
718  principal components vs. variance explained. We found that the elbow of the curve was at 10
719  principal components, and that the first 10 principal components explained 98% of the variance in
720 the data. In Figure 2, we plot the first principal component (explains 38% of the variance) vs the
721  second principal component (explains 20% of the variance). Each dot represents a single

22


https://paperpile.com/c/e2go92/UsJR7
https://github.com/smeisler/fsub_extractor
https://paperpile.com/c/e2go92/RF8bo
https://paperpile.com/c/e2go92/fOLfO
https://paperpile.com/c/e2go92/aaNj1
https://doi.org/10.1101/2024.07.29.605705
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.29.605705; this version posted January 23, 2025. The copyright holder for this preprint
(which 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
available under aCC-BY 4.0 International license.

722 connectivity profile in a single subject and session; The connectivity profiles (dots) can be coded
723 by different features ( cytoarchitectonic area, category-preference, or participant’s age).

724  Classification Analysis

725 We used a n-way leave-one-out classifier to test if we could predict different features
726  (cytoarchitecture, category, or age) of a held-out connectivity profile. For each feature
727  (cytoarchitecture, category, age), we used multinomial logistic regression (multinom function from
728  the nnet package in R™°) fit on all data, excluding all sessions from the held-out subject to account
729  forthe longitudinal nature of the data to predict the feature of the held out connectivity profile (e.g.,
730  probability of belonging to FG2, FG3, or FG4 for the cytoarchitecture classification). We used a
731 winner-take-all approach and assigned the connectivity profile to the label with the highest
732  probability. We repeated the process for each connectivity profile (leave-one-out cross-validation).
733  We then calculated classification accuracy by comparing the predicted classification to the ground
734  truth. We performed three separate classifications: one predicting cytoarchitecture
735  (FG2/FG3/FG4), one predicting category (face/word/body/place), and one predicting age group:
736  (newborn/3 months/6 months/adult).

737  We compared classification accuracy across classification tasks by using a binomial logistic
738  regression (glm in R
739  (https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/glm)) with the following
740  model:

741 (1) classification accuracy(1/0) ~ classification task (cytoarchitecture/category/age)

742  Asour results could be affected by training sets with different numbers of examples for each label,
743  we used a bootstrapping procedure to create a balanced training set. To do so, we sampled the
744  training set (all data except for the held-out subject) with replacement 200 times for each label (e.g.,
745  FG2/FG3/FG4) to create a balanced training set. We then fit a multinomial logistic regression on
746  the balanced training set to predict the feature of the held-out connectivity profile. We then
747  calculated classification accuracy by comparing the predicted classification to the ground truth.
748  We repeated this procedure for the cytoarchitecture, category, and age classification.

749  Connections to Eccentricity Bands in Early Visual Cortex

750  To test how each fROI connects to different eccentricity bands in early visual cortex (EVC), we
751 created a region of interest corresponding to EVC from the union of V1, V2, and V3 ROIs from the
752  Benson Atlas' (https://github.com/noahbenson/neuropythy). We then used the average
753  retinotopic map in 21 adults from a previously published paper'*' to divide EVC into three
754  eccentricity bands, 0-5°, 5-10°, and 10-20°. Using cortex-based alignment in FreeSurfer
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755  (mri_label2label) we aligned each of these EVC eccentricity band ROIs to each individual
756  participant’s native space. We then used FSuB-Extractor 109
757  (https://github.com/smeisler/fsub_extractor), to identify the white matter connections between
758  each fROI and each eccentricity band in VTC. We divided the number of streamlines connecting to
759  each eccentricity band by the total number of streamlines between the fROI and EVC to estimate
760  the percentage of streamlines connected to each eccentricity band. To test if the percentage of
761  streamlines to each eccentricity band differs by cytoarchitecture, category, and age, we fit the
762  following model using the Im function in R
763 (https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/Im):

764 (2) percentage of streamlines in central 5° ~ cytoarchitecture x category x age group

765  After finding a significant cytoarchitecture by category interaction, we performed post-hoc tests to
766  determine which fROIs were driving the interaction. To do so, we used paired t-tests to test whether
767  the percentage of streamlines in the central 5° differed for fROIs within the same cytoarchitectonic
768  area for the following pairs of fROIs: pFus-faces and pOTS-words in FG2, mFus-faces and OTS-
769  bodies in FG4, mFus-faces and mOTS-words in FG4, and OTS-bodies and mOTS-words in FG4.

770  After finding a significant cytoarchitecture by age interaction, we performed post-hoc tests to test
771 whether the percentage of streamlines in the central 5° differed as a function of age for fROIs within
772  each cytoarchitectonic area using the following linear mixed model (using Imer function from the
773  ImerTest package'* in R) separately for each cytoarchitectonic area (FG2, FG3, FG4), using a
774  random intercept for each subject to account for the longitudinal nature of the data:

775 (3) percentage of streamlines in central 5° ~ log10(age) + (1|subject)

776  After finding a significant interaction between cytoarchitecture, category, and age we performed
777  post-hoc tests to test whether the percentage of streamlines to the central 5° changed over
778  development using the following linear mixed model (using Imer function from the ImerTest
779  package'*?in R) separately for each fROI (pFus-faces, pOTS-words, CoS-places, mFus-faces, OTS-
780  bodies, mOTS-words), using a random intercept for each subject to account for the longitudinal
781  nature of the data:

782 (4) percentage of streamlines in central 5° ~ log10(age) + (1|subject)

783  Quantifying development

784  As development is expected to asymptote across the lifespan and typically follows a logarithmic
785  function of age, to quantify how white matter connectivity profiles change with age, we fit a linear
786 model (Im in R (https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/Im))
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787  predicting endpoint density of each fROI as a function of Glasser ROl and log10(age in days) across
788  thebrain. Ageis a continuous variable and Glasser ROl is a categorical variable. As endpoint density
789  was normalized to sum to one across the brain, it is not appropriate to model a random intercept
790  for each subject.

791 (5) fROI endpoint density ~ log10(age in days) x Glasser ROI

792  After finding a significant Glasser ROI by age interaction (Supplementary Table 1), for each fROI,
793  we fit linear models (Im in R
794  https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/Im) relating endpoint
795  density vs log10(age) separately for each Glasser ROI to quantify the development of endpoint
796  density within each Glasser ROI. The regression slope quantifies the rate of the development:

797 (6) fROI endpoint density ~ log10(age in days).

798  We visualize the regression results in Fig 4B, where each Glasser ROl is colored by the slope of the
799  regression. Data is reported for the left hemisphere in the main text and Fig 3 because all 6 fROIs
800 arefound consistently in the left hemisphere. Data from 4 fROIs in the right hemisphere is reported
801  in Supplementary Figure 55. Supplementary Tables 3-8 provide all the developmental slopes per
802  Glasser ROI.

803  Calculating the similarity between developmental slopes

804  To test whether development was more similar for regions within the same cytoarchitectonic area
805  or category-selectivity we estimated the similarity between developmental slopes of white matter
806  connectivity of fROI pairs using a bootstrapping procedure.

807  First, we calculated the developmental slopes of endpoint connectivity across the brain using a
808  bootstrapping procedure. For each fROI, and for each of 1000 iterations we used 75% of the data
809 (66 randomly selected connectivity profiles), and calculated the developmental slope within each
810 of the 169 Glasser ROIs using the following model (Im in R
811  https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/Im):

812 (7) fROI endpoint density ~ log10(age in days)

813  Then for each pair of fROIs we calculated the pairwise correlation between the vector of 169 slopes
814 across the bootstrap iterations. Finally, we fit a linear model (Im in R
815  https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/Im)) to test whether the
816  Fisher transformed correlation between development slopes was higher for fROIs with the same
817  cytoarchitecture and category-selectivity than for fROIs with different cytoarchitecture and
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818  category-selectivity. We calculated the Fisher transform to ensure normality (as correlations are
819  bounded between -1 and 1); category and cytoarchitecture are categorical variables (same: T,
820 different: 0).

821 (8) FisherZ(correlation) ~ category + cytoarchitecture

822  Data availability

823  The data to make the figures, tables, and statistics associated with this manuscript is available
824  here: https://qgithub.com/VPNL/bbVTCwm/tree/main/data

825  Code availability

826  The code to analyze the data, compute statistics, and make the individual figure elements is
827  available here: https://github.com/VPNL/bbVTCwm/. The code folder contains the R code used to
828  generate all other figures and statistics in the figures/ and statistics/ subdirectories. The code used
829  to preprocess the data and perform the analyses are included in the analyses/ subdirectory. The
830 label files for the fROIs and the EVC ROIs are provided in the labels folder. The supplement folder
831  contains code to generate Supplementary Figures.
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