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Learning anew language is a process everyone undergoes at least once. However, studying the neural
mechanisms behind first-time language learning is a challenging task. Here we aim to explore the
functional alterations following learning Israeli Sign Language, a visuo-spatial rather than an auditory-
based language. Specifically, we investigate how phonological, lexical, and sentence-level
components of the language system differ in their neural representations. In this within-participant
design, hearing individuals naive to sign languages (n = 79) performed an fMRI task requiring the
processing of different linguistic components, before and after attending an Israeli Sign Language
course. A learning-induced increase in activation was detected in various brain regions in task
contrasts related to all sign language linguistic components. Activation patterns while processing
different linguistic components post-learning were spatially distinct, suggesting a unique neural
representation for each component. Moreover, post-learning activation maps successfully predicted
learning retention six months later, associating neural and performance measures.

Language learning is a complex process involving multiple stages and
components and hence, multiple brain regions. Following language learn-
ing, widespread alterations in brain activity in response to stimuli in the
newly-learned language have been demonstrated"’, sometimes within
learning periods as short as a few weeks or even days’™. A particularly
intriguing case of language learning is that of hearing individuals learning
sign language, as it presents a unique opportunity to investigate learning-
induced functional plasticity by relying on a different modality of com-
munication compared to spoken languages, based on the visuo-spatial
rather than the auditory domain. Therefore, studying the acquisition of sign
language allows an examination of universal elements of language-learning
regardless of modality, while detecting its modality-specific qualities. Like
spoken languages, learning sign language has been shown to induce vast
modifications in brain function”".

To better understand the neural underpinnings of the language
learning process and the learning-induced functional changes, in the current
study we took into account the complexity of the language system. We did so
by examining changes related to different components and processes in the
novice-learners’ brains.

The research of sign language linguistics, first established by Stokoe’
and thoroughly addressed by Schlenker'’, demonstrates that sign languages

are fully developed linguistic systems with complex structures, comparable
to those of spoken languages. Models of language processing generally
acknowledge that the comprehension of language input starts with initial
phonological processing''™'’. The Dual Stream Model by Hickok and
Poeppel* describes a ventral stream for language comprehension in which
sounds are mapped into meaning. This pathway involves acoustic—phonetic
processing of spoken language input, the retrieval of lexical representation,
and the engagement of the computational system responsible for syntactic
and morphological operations. Similarly, a detailed framework of language
comprehension based on the work by Bibb et al.'' and Gvion and
Friedmann" (Fig. 1), suggests that language input is first processed by a
phonological input buffer (PIB), which stores phonological information
required for short-term processing'’. Familiar words are then processed by
the phonological input lexicon (PIL), which stores phonological informa-
tion of familiar words'*'"® and activates the relevant entry in the semantic
lexicon, containing information regarding the meaning of known words".
The semantic lexicon then activates the word’s representation in the con-
ceptual system'*”. Finally, syntax is required to comprehend the relations
between components in the sentence and the roles of the different partici-
pants in the event denoted by the sentence structure (i.e., who did what
to whom).
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Fig. 1 | Schematic representation of the language comprehension model. Based on
Bibb et al.'" and Gvion and Friedmann'. The different shades of blue represent the
three clusters of language-processing components addressed in the current study
(initial phonological processing, lexical processing—phonological and semantic,
including the conceptual system, and syntactic (sentence-level) processing).

Distinct brain regions have been attributed to the different components
of language comprehension'*”. Like spoken languages, sign language
comprehension in deaf individuals has also been found to involve phono-
logical, lexical and syntactic stages of processing™, engaging both modality-
independent language-related fronto-temporal neural regions and
modality-specific parieto-occipital neural regions'*™. Sign language
learning in hearing individuals is therefore expected to involve distinct
functional alterations in various brain regions when learners are exposed to
stimuli associated with different linguistic components of the newly-learned
language. Previous research on sign language learning in hearing partici-
pants has taken a more global approach, testing whole-brain functional
changes in response to specific types of linguistic content (single signs® or
two-sign phrases’), or only examined post-learning sign language
processing’. However, the functional modifications associated with pro-
cessing different linguistic components of sign language in hearing parti-
cipants have not been directly explored.

In the current study we examine, in a large cohort (1 = 79) of hearing
participants with no prior sign language knowledge, how learning sign
language changes their brains. We specifically investigate how different
linguistic components are represented following learning and whether these
neural representations are predictive of short- and long-term learning
success. Participants underwent two functional magnetic resonance ima-
ging (fMRI) scans, before and after completing a comprehensive 4-week
eight-lesson Israeli Sign Language (ISL) course. The course was taught four
times, with four different groups of 17-22 participants, and covered ISL
vocabulary, grammar, and syntax. Upon completion of the course, parti-
cipants underwent an ISL-to-Hebrew sentence translation exam to validate
that language learning has indeed occurred. A control group of 20 partici-
pants underwent the same two fMRI scans, with the same gap between
them, without language learning in between, to ensure that any observed
neural alterations may be attributed to the learning intervention and not to
the passage of time or the second exposure to the MRI scanner, etc.

During the fMRI scans participants watched sign language videos of
signed stimuli of different types, the comparison of which allowed us to
isolate the processing of different linguistic components of ISL, according to
the language comprehension framework described in Fig. 1. To detect brain
regions associated with initial phonological processing we compared acti-
vation while watching unlearned signs (akin to pseudosigns, processed in
the PIB) and non-linguistic videos of hand movements. For lexical (pho-
nological and semantic) processing, we compared learned signs (involving
the PIB, PIL, semantic lexicon and conceptual system) and unlearned signs.
For syntactic (sentence-level) processing we compared full sentences

(requiring all linguistic components in the language comprehension fra-
mework described above) and learned signs. Notably, sentence processing
comprises analysis of syntactic structure and relations, as well as combining
the meaning of the words/signs into a semantic representation, morpho-
logical processing, and processing of prosodic cues™ .

To examine the overlap between the spatial patterns associated with the
processing of different linguistic components of sign language, we employed
both univariate and multivariate analytical approaches, leveraging their
complementary characteristics to provide a robust and comprehensive
perspective. While univariate analyses allow for the identification of loca-
lized brain regions, the multivariate analysis captures distributed neural
representations that may not be detectable with traditional voxel-wise
methods. Furthermore, we used a within-participant design and a unique
cohort of naive, highly-motivated participants, to investigate the functional
changes occurring in the learning process. This combination of methodo-
logical and participant-level factors offers insights into the functional pro-
cesses associated with language acquisition.

We tested the hypothesis that sign language learning would induce
functional alterations in various brain regions detectable while processing
different ISL linguistic components and their combinations. Like previous
studies regarding sign language learning in hearing participants®®, we
expected ISL learning to engage both modality-independent fronto-tem-
poral brain regions, traditionally associated with language processing, and
modality-specific parieto-occipital brain regions, corresponding with the
visuo-spatial nature of sign language. Modality-independent regions were
expected to include Broca’s area in the left inferior frontal gyrus (IFG) as well
as posterior temporal regions”, and modality-specific regions were
expected to consist of the superior parietal lobule (SPL)**” and lateral
occipital cortex’. Given the inherently different phonology of sign languages
compared to spoken languages, we expected to detect modality-specific
regions mainly, but not exclusively, in the context of initial phonological
processing. Importantly, the involvement of the different stages of language
comprehension was expected to engage spatially distinct functional patterns
in novice hearing learners of sign language, manifested as the engagement of
different brain regions in the processing of different linguistic components
of sign language. Consequently, we hypothesized that these linguistic
components and their combinations will vary in their ability to predict
behavioral learning outcomes.

Results

Behavioral results

All 79 participants completed a sign language test immediately following the
course. Results showed significantly successful learning, with a mean test score
0f94.96 (out of 100, SD = 5.85, one-tailed Wilcoxon signed-rank test, z = 7.73,
p=5.26e—15). Fifty-eight of these participants repeated the test 6 months
later, and still showed significant retention of ISL knowledge, with a mean
score of 78.2 (SD = 20.12; z=6.62, p = 1.78¢—11). As expected, the 6 months
without training resulted in a significant decay in the participants’ ISL profi-
ciency (two-tailed Wilcoxon signed-ranks test, z=5.82, p = 6.01e—9).

Functional neuroplasticity following sign language learning

To detect enhanced neural engagement in the processing of all linguistic
components and their combinations following learning, we examined the
increase in activity in the following task contrasts: sentences > non-linguistic
hand movements, sentences > learned signs, learned > unlearned signs,
unlearned  signs > non-linguistic, learned  signs > non-linguistic and
unlearned signs > learned signs. A significant increase in brain activity
(p <0.05, FDR corrected for 91,282 comparisons, per number of vertices)
was detected for all task contrasts, designed to elicit activity related to dif-
ferent linguistic components and their combinations (e.g. the learned
signs > non-linguistic task contrast involved both phonological and lexical
processing. For the average activation maps pre- and post-learning see
Supplementary Fig. S1). For the sentences > non-linguistic contrast (Fig. 2A),
involving the processing of all the linguistic components discussed above
(initial phonological, lexical—phonological and semantic, and syntactic
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Fig. 2 | Changes in task-induced activations following sign language learning.
Increased activations post- vs. pre-sign language learning (p < 0.05, FDR corrected
for 91,282 comparisons per number of vertices, N = 79) are presented for the fol-
lowing task-contrasts: A sentences > non-linguistic, B sentences > learned signs,

F - Unlearned Signs > Learned signs

Z-scores

C learned > unlearned signs, D unlearned signs > non-linguistic, E learned signs >
non-linguistic, and F unlearned > learned signs. Sub-cortical regions are displayed in
a volume representation. Colorbars indicate Z-scores.

(sentence-level)), significant increase in activity was found in various brain
regions associated with language and visual processing and with motor skills
(Table 1). The same areas showed increased activity for the sentences >
learned signs contrast (Fig. 2B and Table 1) as well. In the learned >
unlearned signs (Fig. 2C and Table 1), involving lexical (phonological and
semantic) processing, increased activity was detected in the left angular
gyrus and in various bilateral regions (notice that although the semantic
lexicon and the conceptual system are clearly distinct, in the current study
we assessed them together). Increased activation in the unlearned signs >
non-linguistic contrast (Fig. 2D and Table 1), associated with initial pho-
nological processing, was found in bilateral parietal and motor areas, and in
additional regions in the left hemisphere. As the learned signs > non-lin-
guistic contrast (Fig. 2E and Table 1) corresponds with initial and lexical
phonological processing, as well as lexical-semantic processing, increased
activity was demonstrated in similar regions to the combined areas found
for both the learned > unlearned signs and the unlearned signs > non-

linguistic contrasts. For the regions showing increased activity in the
unlearned signs > learned signs contrast, see Fig. 2F and Table 1. No sig-
nificant increase in activation was observed for any of the task contrasts in a
control group (N = 19) of participants who underwent the two scans but did
not attend an ISL course in between. A vertex-wise 2 (pre-/post-learn-
ing) x 2 (learning/control) mixed-effects analysis of variance (ANOVA)
performed on the sentences > non-linguistic activation maps of the control
group and each ISL-course round (N =17-22 per round) revealed a sig-
nificant interaction effect, indicating learning-induced alterations in activity
in language-related brain regions due to language learning (Fig. 3 and
Table 2). For the results of a similar ANOVA performed on all other con-
trasts, averaged across ISL-course rounds, see Supplementary Fig. S2.
Furthermore, decreased activity in the sentences > non-linguistic and the
sentences > learned signs contrasts following learning included regions asso-
ciated with the Default Mode Network (DMN)™, mainly in the right hemi-
sphere, and bilaterally in the unlearned signs > non-linguistic contrast (Fig. S7
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Table 1 | Brain regions showing increased task-induced
activations following sign language learning

Table 1 (continued) | Brain regions showing increased task-
induced activations following sign language learning

Anatomical region Coordinates (x,y,z) Z-score Anatomical region Coordinates (x,y,z) Z-score
Sentences > Non-linguistic (all linguistic components) L Ventral Striatum —6,14,—-4 5.46
L Superior temporal sulcus (STS) -59,-45,3 11.28 R Ventral Striatum 10,14,-8 5.97
L Supramarginal gyrus (SMG) —62,-45,25 9.86 Unlearned signs > Non-linguistic (initial phonological processing)
L Fusiform gyrus —49,-65,—-16 10.21 LIPS —383, —49,39 8.39
Broca’s area —53,17,22 10.85 RIPS 36,—40,44 7.64
Area 55b —41,3,50 11.59 L SPL —15,-68,53 8.00
R Cerebellum 26,—64,—28 11.07 R SPL 18,-68,52 8.17
L Intraparietal sulcus (IPS) —28,-64,44 11.77 L pre-SMA —6,15,48 8.90
RIPS 32,-65,34 10.45 R pre-SMA 7,13,49 6.77
L Superior parietal lobule (SPL) —14,-74,55 9.85 L Cerebellum —40,—-60,—-28 7.37
R SPL 19,-73,56 9.15 R Cerebellum 32,-56,-32 7.77
L Supplementary motor area (SMA) —4,7,62 11.40 L Fusiform gyrus —53,-67,—7 7.27
R SMA 8,14,52 9.00 L Thalamus —10,—16,10 6.54
L Caudate Nucleus -12,12,10 8.64 L Inferior Frontal sulcus (IFS) —40,27,23 8.14
R Caudate Nucleus 12,10,6 5.80 L Premotor cortex —-23,-2,53 8,12
L Thalamus -10,—14,-10 8.64 Learned signs > Non-linguistic (initial phonological + lexical processing)
R Thalamus 14,-12,8 6.70 L Angular gyrus —45, —68,24 6.09
Sentences > Learned signs (sentence-level processing) L Precuneus -3, —63,27 7.53
L STS —49,-43,4 11.27 L Precentral gyrus —51, -6, 49 7.13
L SMG —56,—45,26 9.85 LIPS —29,-69,40 8.06
L Fusiform gyrus -50,-62,—-18 9.13 RIPS 33,-65,40 7.69
Broca’s area —55,18,21 11.11 L SPL —11,-73,49 6.83
Area 55b —42,3,51 11.66 R SPL 18,-73,49 6.20
R Cerebellum 18,-66,-32 10.78 L SMA —5,4,60 6.50
LIPS —26,—-64,47 10.14 L Cerebellum —34,-56,—22 6.43
RIPS 35,-78,38 8.86 R Cerebellum 28,—68,—24 715
L SPL —12,-70,54 8.90 L Fusiform gyrus -52,-56,—18 6.84
R SPL 19,-73,56 7.80 R Fusiform gyrus 46,—56,—8 6.50
L SMA -2,8,62 11.10 L Thalamus —-12,-14,12 4.63
R SMA 7,18,57 10.11 LIFG —40,27,22 6.94
L Caudate Nucleus —14,10,10 8.09 L Posterior Cingulate gyrus -5,-51,15 8.87
R Caudate Nucleus 16,10,10 6.28 R Posterior Cingulate gyrus 5,-53,11 6.67
L Thalamus -10,16,10 6.00 Unlearned signs > Learned signs
R Thalamus 13,-8,10 4.35 L pre-SMA —6,23,52 6.84
Learned signs > Unlearned signs (lexical processing) R pre-SMA 7,15,50 6.87
L Angular gyrus —48, —78, 26 7.08 L Dorsolateral prefrontal cortex (dIPFC) —21,50,27 5.65
L Temporoparietal junction —55,-58,22 6.30 R dIPFC 40,24,41 6.46
R Temporoparietal junction 55,-65,21 8.00 L Cerebellum —30,-56,—-34 5.60
L Precuneus —2,—65,26 7.34 R Cerebellum 38,-62,-30 4.87
R Precuneus 4,-63,31 7.10 LIPS —44,-40,51 6.51
L Posterior cingulate gyrus —6,-56,11 6.40 R Caudate nucleus 16,16,12 4.59
R Posterior cingulate gyrus 5,-53,13 711 Z-scores represent maximal values within a cluster.
L Middle temporal gyrus (MTG) —60,—53,-3 6.90
RMTG 63,-46,1 5.73 and Table S1). For the regions showing decreased activity in the learned
L Ventromedial prefrontal cortex (ymPFC) ~ —7,56,—4 6.56 signs > unlearned signs, unlearned signs > non-linguistic and learned signs >
RvmPFC 74711 6.10 non-linguistic contrasts, see Fig. S7(C, D and E, respectively) and Table S3.
L Precentral gyrus =) 760 Representational similarity analysis of different linguistic com-
R Precentral gyrus 52,-6,40 6.58 ponents following learning
L Hippocampus —24,-18,-16 5.90 Group-level representational similarity analysis (RSA, Fig. 4A)* yielded
R Hippocampus 28,—12,—24 6.23 three maps of brain regions associated with sentence-level, lexical, and

initial phonological processing following sign language learning (Fig. 4B),
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Fig. 3 | Changes in task-induced activation per sign language course round.

A Average activation maps in the contrast sentences > non-linguistic before (left) and
after (right) the sign language course, for each of the four rounds of participants
including the control group (N = 17-20 per round). Colorbars indicate Z-scores.

B Mixed-effect ANOVA group (learning/control participants) x time (pre-/post-
learning) interaction effect of the activation in the sentences > non-linguistic contrast
(p <0.05, FDR corrected for 91,282 vertices), performed on the control group with
the learning group of each course round. Colorbar indicates F-scores.

Communications Biology | (2025)8:353


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07793-7 Article

Table 2 | Brain regions with a group (learning/control Table 2 (continued) | Brain regions with a group (learning/
participants) x time (pre-/post-learning) interaction effect control participants) x time (pre-/post-learning) interaction
effect
Anatomical region Coordinates (x, y, z) F-score
Course round 1 Anatomical region Coordinates (x, y, 2) F-score
Biesabern _52, 15, 20 122.59 L Fusiform gyrus —51, -53, —-16 84.75
L STS _49,-43.5 156.33 LIPS —26, —63, 47 160.06
RSTS 47,-37,4 63.16 RIPS 31,-62,48 99.51
Area 55b 40, 4,50 147.56 LSPL =18 =78, 4% s
L Fusiform gyrus _47,-51, 14 139.56 RSPL 18, —69,52 62.95
LIPS 26, —65,40 153.37 L pre-SMA —6, 14,54 102.19
RIPS 30, 55, 47 103.29 R pre-SMA I 18,60 ]
L SPL _14, —71, 51 114.38 L SMG —56, —44, 24 102.49
L pre-SMA _6,17, 51 153.81 R Temporoparietal junction 50, —56, 32 73.53
R pre-SMA 7,14, 47 7112 L Insula -30, 25,3 96.95
L Precuneus —6, —55, 49 58.00 R Insula 34,23,0 83.70
L Insula —30, 25, 4 124.51 Interaction effect of the activation in the sent?nces > non.-linguistic task contrast (p <0.05, FDR
corrected), performed on the control group with the learning group of each course round. F-scores
Course round 2 represent maximal values within a cluster.
Broca’s area -53, 20,19 85.44
L STS -50, -41,5 82.61 thus characterizing the neural representations of the three linguistic
RSTS 49, —15, —10 40.21 components. Pearson’s correlations were computed between a neural
Area 550 "M, 4.49 123.84 representational dissimilarity matrix (RDM), calculated per vertex based
: on its BOLD signal in the different task conditions, and three conceptual
L Fusiform gyrus —-52, -58, —11 38.73 . N T . . .
(categorical) dissimilarity matrices representing sentence, lexical, and
L Inferior temporal sulcus —54,-10, -26 80.11 initial phonological processing (Fig. 4A). Brain regions in which neural
LIPS —27,-63, 49 92.76 RDMs positively correlated with the sentence-level processing dissim-
RIPS 30, —62, 48 51.81 ilarity matrix included language-related regions in the left hemisphere,
L SPL "1, _73.50 P such as Broca’s area and area 55b, the left fusiform gyrus, and bilateral
temporal and motor regions. Brain areas associated with the phonolo-
_ iz = T O gical input lexicon and the semantic lexicon (and the conceptual system)
R pre-SMA 6,17,49 32.73 included the left angular and fusiform gyri as well as prefrontal, temporal
L SMG —54, —44,25 66.06 and motor regions. Regions associated with initial phonological proces-
L Angular gyrus 45, —64, 21 55.03 sing (PIB) spanned across regions in the frontal, parietal and occipital
R Temporoparietal junction 53, 53,38 o lob'es, as well as j[he bilateral fumforrp gyrus agd the lf:ft sensor'y—m(.)tc.)r
strip. For a full list of the neural regions associated with each linguistic
RMTG 67, —27, -7 53.91 component, see Table 3.
L Precuneus -9, 49,42 54.24 The Dice coefficient between the RSA-generated maps spanned
Course round 3 between 0.012-0.155 (see Fig. 4C). These findings indicate a minimal
Broca’s area 51,17, 23 134.68 overlap between the neural regions engaged in the processing of the three
linguistic stages.
L STS —49, —46, 8 122.04 . o .
Group-averaged task-contrast brain activation maps following
RSTS 46, -35.3 471 learning are presented in Fig. 5A (unthresholded) and 5B (thresholded
Area 55b -39,3,52 107.04 using a Gaussian-two-Gammas mixture model”). An RDM based on
L Fusiform gyrus _51,-60, -8 102.02 these maps yielded significant 1-Pearson’s r dissimilarity scores between
LIPS 30, 68,43 137.44 the learned > unlearned signs activation map and both other activation
maps (as established by a permutation test with 10,000 iterations,
RIPS 30, 262,49 81.54 P <0.0001, Fig. 5C). A dissimilarity score of 1-Pearson’s r=0.53 was
L SPL —18, —67, 51 123.12 found between the sentences > learned signs and unlearned signs > non-
R SPL 8, -68, 54 74.31 linguistic activation maps (Fig. 5C). Note that dissimilarity scores may
L pre-SMA 6,11, 56 112.34 range between 0 (corresponding with Pearson’s r=1) and 2 (Pearson’s
R pre-SMA 71449 i r=—1). Dice coefﬁ.cwnts between the thrésholded maps spanned
between 0.04-0.37 (Fig. 5D). The RDM and Dice coefficients performed
LEle) Sty Sl on the individual level and averaged across participants are presented in
L Angular gyrus —42, 69,19 44.91 Supplementary Fig. S3.
R Temporoparietal junction 49, —58, 36 47.51

Prediction of learning success from task-induced activation
patterns

Course round 4

Broca’s area L1 19191 We examined the predictability of sign language test scores immediately after
S EE =80, =487 OOt course completion and 6 months later from brain activity and from change in
RSTS 47,-38,6 91.32 activation in the various task contrasts. The prediction was tested for each of
Area 55b _41,4,49 130.94 the 58 participants who took the test at both timepoints, for the following task-

contrast activation maps: sentences > non-linguistic, sentences > learned signs,
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Fig. 4 | RSA showing distinct activation patterns to different linguistic compo-
nents. A Schematic demonstration of the representational similarity searchlight
analysis procedure, in which the neural dissimilarity matrix is correlated with the
categorical dissimilarity matrices representing sentence (left), lexical (middle), and
initial phonological (right) processing. B RSA results (N = 79) showing brain regions
in which activation patterns were significantly correlated with the categorical

dissimilarity matrices of sentence-level (left), lexical (middle) and initial phonolo-
gical processing-phonological input buffer (right). All p values < 0.001, Monte Carlo
permutation test, threshold-free cluster enhancement correction for multiple
comparisons. Colorbar indicates Z-scores. C Dice coefficients between maps asso-
ciated with the linguistic components.

learned > unlearned signs, learned > non-linguistic, and unlearned signs >
non-linguistic. Predictions were performed based on both post-learning acti-
vation maps, and delta activation maps (calculated as the difference between
activation post-learning and activation pre-learning). Test scores obtained
6 months post-learning were successfully predicted from post-learning maps
(FDR corrected for 10 comparisons) from the sentences > learned signs con-
trast (Pearson’s r=0.45, p=0.0004, Fig. 6A), from the sentences > non-

linguistic contrast (Pearson’s r=0.35, p=0.0071, Fig. 6B), and from the
learned signs > non-linguistic contrast (Pearson’s r = 0.36, p = 0.006, Fig. 6C).
Prediction of test scores obtained 6 months post-learning was not significantly
successful for the learned > unlearned signs (Pearson’s r=—0.03, p =0.82),
and unlearned signs > non-linguistic (Pearson’s r=0.11, p=041) post-
learning contrasts. Prediction success of test scores obtained immediately
following learning was not significant for all five post-learning contrasts
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Table 3 | Brain regions associated with different linguistic
components based on a Representational Similarity Analysis

Anatomical region Coordinates (x, y, ) Z-scores
Sentence-level processing
Broca’s area —55,21,17 3.72
Area 55b —41,3,51 3.72
L Superior Temporal —67,-38,12 3.72
gyrus (STG)
RSTG 67,—33,13 3.72
L STS —59,-441 3.72
R STS 46,—32,—1 3.72
L MTG —62,—6,—22 3.72
L Angular gyrus —47,-67,28 3.72
L SMG —60,—44,-26 3.72
L Precuneus —-1,-63,30 3.72
L Fusiform gyrus -37,-51,-21 3.72
L PFC —9,45,48 3.72
L SMA —3,4,61 3.72
R SMA 6,12,60 3.72
L Precentral gyrus —54,-6,47 3.72
R Precentral gyrus 53,-4,47 3.72
Lexical processing
L Angular gyrus —45,-69,22 3.72
L dIPFC —10,56,35 3.72
L medial PFC —4,54,24 3.72
L Precentral gyrus —39,—-19,66 3.72
L Postcentral gyrus -50,—-27,57 3.72
L MTG —64,-37,—-10 3.72
L Inferior Temporal gyrus (IFG) —58,-49,—-19 3.72
LIFG —54,26,5 3.72
L Fusiform —48,-56,—12 3.72
L Precuneus —4,-60,32 3.72
Initial phonological processing
L dIPFC —41,46,6 3.72
R dIPFC 40,50,1 3.72
L medial PFC —2,40,42 3.72
R medial PFC 7,43,26 3.72
L Lateral Occipital cortex —33,-89,11 3.72
L Posterior Cingulate gyrus —1,-34,39 3.72
R Posterior Cingulate gyrus 4,-38,32 3.72
L Fusiform Gyrus —34,-62,—18 3.72
R Fusiform Gyrus 35,-58,-16 3.72
LMTG —65,—33,—11 3.72
RMTG 67,—30,—8 3.72
L Precentral gyrus —40,—-18,63 3.72
L Postcentral gyrus —52,-23,56 3.72
LIPS —26,—70,30 3.72
L SPL —22,—-80,44 3.72

Z-scores represent maximal values within a cluster.

(Pearson’s r spanned between —0.017 and 0.22, see Supplementary Fig. $4),
possibly due to a ceiling effect in the test scores. Prediction of test scores
obtained 6 months post-learning was also successful (FDR corrected for 10
comparisons) when based on the sentences > learned signs delta map (Pear-
son’s r=0.41, p=0.001, Fig. 6D), but not when based on all other delta

contrasts (sentences > non-linguistic: Pearson’s r=0.19, p=0.16; learned >
non-linguistic: Pearson’s r = 0.2, p = 0.13; learned > unlearned signs: Pearson’s
r=0.13, p=0.35; unlearned signs>non-linguistic. Pearson’s r=—0.07,
p=0.63). Prediction success of test scores obtained immediately following
learning was not significant for all five delta contrasts (Pearson’s 7 spanned
between 0.004 and 0.28, see Supplementary Fig. S4).

These findings suggest that sentence-level processing alone (more
accurately, neural activity related to the learning of ISL sentences) is a strong
predictor for language learning and retaining. An additional predictor for
long-term learning success is activity related to the combination of lexical
phonological and semantic-conceptual knowledge and of initial phonolo-
gical processing.

We generated maps quantifying each vertex’s contribution to test
scores predictions of the three successful predictions (of scores obtained
6 months post-learning). As for predictions based on post-learning maps,
contribution maps in the sentences > learned signs and sentences > non-
linguistic predictions indicated that areas in the left superior temporal sulcus
(STS), angular gyrus, supramarginal gyrus (SMG), ventromedial prefrontal
cortex (vmPFC), Precuneus, Broca’s area and area 55b had a positive weight
in the prediction models (Fig. 6A, B). However, the contribution map of the
sentences > non-linguistic task contrast activation did not include the
bilateral inferior parietal sulcus (IPS) and the right supplementary motor
area (SMA). The contribution map for the prediction from the learned
signs > non-linguistic contrast maps showed mainly regions in the bilateral
vmPFC and angular gyrus (Fig. 6C). Contribution map of the prediction
based on the sentences > learned signs delta map included Broca’s area and
the left STS, middle temporal gyrus (MTG), Precuneus, angular gyrus and
pre-motor regions, as well as the bilateral SPL.

Discussion

This study presents a comprehensive investigation of the alterations in
neural activity following sign language learning in hearing adults, isolating
neural activity related to different ISL linguistic components. We show that
learning a novel language induces widespread modifications in brain activity
patterns in response to sentence-level, lexical, and phonological aspects of
the newly-learned language. Learning-induced changes demonstrated the
recruitment of distinct brain regions related to the processing of different
linguistic components, offering a neural perspective to the language com-
prehension model and supporting a complex network of brain regions
engaged in language input processing. Figure 7 presents the language
comprehension model'"", with the brain regions that were found in the
current study to be associated with the processing of each component.
Furthermore, we show that activation patterns associated with sentence
processing following sign language learning are a strong predictor of long-
term learning success.

Language learning is a widely used framework for the study of
neuroplasticity'*”. Our findings are in line with previous literature on
functional modifications following learning of both spoken® and sign
languages”, demonstrating altered neural activation upon exposure to the
newly-learned language. We go beyond previous studies by breaking down
the newly-learned language into discrete components and associating each
of them with spatially independent activation patterns. Specifically, a
representational similarity analysis of the different task conditions following
sign language learning provides insights on the neural underpinnings of
initial phonological processing, lexical (phonological input and semantic)
and conceptual processing, and sentence processing, as discussed in the
following sections.

Brain regions engaged in initial phonological processing (in the PIB)
were expected to be activated, post-learning, in response to all three types of
linguistic stimuli: sentences, learned signs, and unlearned signs, but not in
response to the non-linguistic stimuli. The task contrast unlearned signs >
non-linguistic therefore revealed activation patterns related to initial pho-
nological processing in sign language, in novice signers.

The current work revealed PIB-related activation in multiple regions
such as the left precentral gyrus and occipital cortex, as well as the bilateral
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Fig. 5 | Dissimilarity between group-averaged activation patterns following

learning. A Averaged activation maps (N = 79) in the sentences > learned signs (top),
learned signs > unlearned signs (middle) and unlearned signs > non-linguistic (bot-
tom) task-contrasts, following sign language learning. Colorbars indicate Z-scores.
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B Thresholded maps corresponding to the same task-contrasts. C RDM depicting
the relative dissimilarity between the averaged post-learning activation maps
(***p <0.0001). D Dice coefficients between the binarized significant-activation
post-learning contrast maps.

fusiform gyrus. In the processing of spoken language, initial phonological
processing often takes place in superior temporal auditory regions'**. In
line with our results, Emmorey'® associates the processing of sign language
phonology in deaf signers with different regions of the human brain
including the occipital cortex and left fusiform gyrus (the latter, in the
comprehension of sublexical facial components of signs). Activity in pro-
cessing sign language content in hearing participants following a sign lan-
guage course has also been reported for the precentral gyrus in a previous
study by Johnson et al.”. However, as they have detected precentral gyrus
activation in two different task contrasts of American Sign Language (ASL)
comprehension (sentences > word-list and word-list > rest), the attribution
of this activation to a specific linguistic component remains uncertain. We
also found phonological processing-related activations in visuo-spatial
parietal areas including the SPL and IPS. Our results are in line with previous
findings by Buchsbaum et al.*, in which phonological working memory
tasks in deaf native signers recruited more dorsal-parietal regions compared
to spoken language users, where activation is more ventral-parietal and
temporal. Activation in the SPL® has additionally been detected in hearing
individuals while performing a semantic judgment task following sign
language learning. However, due to the nature of the task in this study, in
which participants were required to process two-sign phrases, it is not
associated with any specific linguistic components.

Initial phonological processing of sign language input is followed by
lexical processing'®. Accordingly, once processed by the PIB, familiar words
are sent to the PIL, which then activates the relevant entry in the semantic
lexicon and from there—the conceptual system'""”. Previous work by
Mayberry and Fischer” has shown that late sign language learners—
although deaf, unlike the hearing participants in the current work—seem to
allocate more resources on phonological processing compared to native
signers, who more easily access lexical components of sign language. These
findings support the hierarchical framework suggested for language pro-
cessing, which allows native signers to process lexical structure more
automatically and hence prioritize the activation of semantic and conceptual
representations. In contrast, non-native signers expend more cognitive
resources on phonological identification, leaving fewer resources available

for lexical and semantic processing, which negatively impacts
comprehension.

Brain activity in response to learned but not to unlearned signs was
expected to reveal brain regions associated with the PIL, with the semantic
lexicon, and with the conceptual system, hereby referred to as “lexical
processing”. The group-averaged map of the learned > unlearned signs task
contrast yielded activity mainly in the left angular gyrus, inferior parietal
cortex, and precuneus, and in the bilateral MTG and inferior temporal gyrus
(ITG). These areas have been reported in studies of both spoken language'*"”
and sign languages'®”’. The angular gyrus, precuneus, MTG, and ITG are all
reported as related to semantic processing in spoken languages"*. The
MTG and ITG have been reported in processing sign language by native
signers”*, and have shown increased activity in new learners following a
sign language course’, and have also been shown to be shared for semantic
processing across modalities (speech and sign) for bimodal bilinguals™.
These regions are sometimes associated with different levels of semantic
processing. The MTG in particular has been associated with lexical-
semantic processes* and conceptually-driven lexical selection’’, making it a
possible substrate for the semantic lexicon. This overlap in activated areas
suggests a high degree of similarity in mechanisms underlying lexical pro-
cessing across language modalities.

Finally, sentence-level processing was examined by contrasting brain
activity in response to sentences vs. learned signs. The comprehension of full
sentences consists of several cognitive elements, including syntactic, mor-
phological and prosodic processing”*". In previous work by Newman
et al.” regarding hemispheric laterality in sign-language processing, they
have shown left-hemispheric activation in regions classically associated with
language processing when examining the activations in response to ASL
sentences as compared to nonsense signs, in late hearing signers. These
regions included Broca’s areas and left temporal and inferior parietal
regions, similar to the regions reported for sentence-level processing in the
current work. Additional research by Johnson et al.” has also revealed
increased activation in language-related fronto-temporal regions in ASL
sentence processing compared to ASL word-list processing, in late signers.
MacSweeney et al.* have additionally found greater activation in posterior
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Fig. 6 | Prediction of sign language test scores obtained 6 months post-learning.  Each point represents a single participant’s (N = 58) actual and predicted test scores.

Test scores were predicted from the A-C post-learning activation maps and from Pearson’s r between actual and predicted scores is reported at the top-left corner of
D delta (post- vs. pre-learning) activation maps, in the task-contrasts each plot. Contribution maps depict the relative contribution of each vertex to test
A, D sentences > learned-signs; B sentences > non-linguistic; and C learned-signs > scores prediction. Colorbar indicates the direction and magnitude of prediction
non-linguistic (**p < 0.01, ***p < 0.001). Scatter plots show prediction success. value (“contribution power” in arbitrary units).
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Fig. 7 | Schematic representation of the language comprehension model with
brain regions that were found in the current study to be related to each com-
ponent. Our results demonstrate an involvement of distinct brain regions in the
processing of different linguistic components (represented by the different shades of
blue), offering a neural perspective to the language comprehension model.

regions of the left temporal lobe and left inferior frontal cortex, when
contrasting processing of British Sign Language (BSL) sentences compared
to signed lists, in deaf and hearing native signers. The detection of Broca’s
area in this context is additionally in line with previous literature describing
it as modality-independent, associated with both sign and spoken
languages™. Furthermore, activations associated here with sentence-level
processing are in line with regions previously linked to syntactic processing,
such as the left perisylvian regions™, the posterior STS (pSTS)*, Broca’s
area”, the left MTG™ and area 55b”. This suggests that at the sentence-level
as well, similar areas are involved in language processing independently of
language modality.

Our findings map the learning-evoked recruitment of brain areas
associated with the different stages of language comprehension. We show
that brain activity covers distinct regions as language input progresses from
initial phonological to lexical, and eventually to sentence processing.

While we observed a striking similarity between areas involved in sign
language processing following learning and those reported in studies of
spoken-language learning, modality-specific activations were also detected.
For example, we found initial phonological activations within the parietal
lobe in the SPL and IPS, rather than perisylvian regions that are usually
found for speakers of spoken languages™. Similar results of SPL involvement
of sign language processing following a sign language course were also
reported by Banaszkiewicz et al.>** and Johnson et al.”. The SPL has addi-
tionally been found to have a central role in sign language production””.
This activity in parietal regions is most likely due to sign language reliance on
the visuo-spatial rather than auditory input™****’, and may suggest that some
of the regions related to initial phonological processing are modality-
dependent, at least in late learning of a sign language by people who had
acquired a spoken language as a first language. Similarly, activity in peri-
sylvian regions was limited in the current study. This may show again that
areas related to phonological processing are more dependent on language
modality. One explanation of these modality-dependent activations may
relate to the fact that perisylvian regions lie in proximity to primary auditory
processing regions and may be designated to the phonological processing of
spoken languages, especially in individuals who acquired spoken language
as a firstlanguage. These regions may be substituted in the processing of sign
language by regions in closer proximity to spatial or sensory-motor areas of
the hands and arms.

In addition, in the current study processing of sentence, lexical and
initial phonological components of sign language involved the left fusiform
gyrus. This may be attributed to the location of the Visual Word Form Area
(VWEA), which is traditionally associated with visual aspects of language

processing in the form of reading®”®'. While in the present study’s

participants did not perform a reading task, they were in fact processing
language in the visual rather than auditory modality. This finding is in line
with previous research associating the VWFA with sign language
processing””, supporting the notion that the VWFA plays a role in the
processing of language through visual input in a broader sense, and not
merely in reading. The reported results may however be related to the
association of the left fusiform gyrus with semantic processing of linguistic
input®, with its involvement in phonological processing®, or with its pre-
viously reported role as an integral part of the language system®.

Differences in neural activity between the processing of sign and
spoken languages are also related to the involvement of the right hemisphere
(whether sign language recruits stronger right-hemisphere structures than
spoken language™*). There are reports of a more right-hemispheric
involvement in sign language processing™*"* and there is still a debate on
the extent to which sign language processing relies on right-hemispheric
structures™*”". Analysis of language hemispheric dominance in the current
work revealed that the vast majority of the participants showed left-
hemispheric dominance for sign language. Even though we did not exclude
participants based on handedness, we still found a very low proportion of
right-hemispheric dominance (with 79 out of 83 showing left-hemispheric
dominance), which is similar to the proportions reported in spoken lan-
guage studies’”””. These results are also consistent with the work by
Banaszkiewicz et al.’, who showed (for right-handed participants) that sign
language processing became more left lateralized in hearing participants
following 3 months of sign language instruction. Furthermore, Newman
et al”® have demonstrated a critical period for recruitment of right-
hemispheric regions for the processing of sign language, reporting sub-
stantial right-hemispheric activity in ASL processing in hearing native
signers but not in those who acquired ASL after puberty. This shows that
sign language is generally processed in left-hemisphere structures, just like
spoken language, for both right- and left-handed participants, at least in
adult late-learners of sign language who are native in a spoken language.

Notably, ISL has a separate syntax from Hebrew, including properties
of other studied sign languages—such as right periphery of the syntactic tree
(e.g., elements of the higher nodes of the sentence, such as wh-elements, or
pronouns in yes/no questions, may appear sentence-final”®), use of facial
expressions as syntactic markers (e.g., eyebrow raise in yes/no questions, and
eyebrow furrow in content questions), and the frequent use of unique
syntactic structures such as pseudo-clefts and role-shifts’* 7. Some examples
of differences between the syntax of the two languages can be found in
interrogatives and negation’”: whereas in Hebrew, the wh- element appears
in the beginning of the sentence, both in subject- and in object questions
(similarly to English), in ISL the wh-element in object question structures
remains in-situ (i.e., in the original position of the object in the sentence) and
appears in a sentence-final position (You eaT wHAT?—“what did you eat”),
and the question is produced with a facial expression that acts as a syntactic
marker. In addition, and unlike Hebrew, negative markers in ISL generally
follow the verb rather than precede it (1 kNow NoT—“I don’t know”). In this
study, most of the sentences we used included unique ISL structures, as can
be seen in Supplementary Table S1. Learning participants in the current
study were taught all the abovementioned structures that differ between ISL
and Hebrew as a part of the sign language course.

While this was not part of our a priori hypotheses, several brain regions
showed decreased activity following learning. These areas include regions of
the DMN, that are considered to be task-negative™”’, but also regions that
may be associated with language processing, such as the angular gyrus and
the SMG. These findings may be a result of familiarity with the fMRI videos
in the second scan, or rather with neural processing optimization as profi-
ciency increased’. Additional studies are required to better understand the
relationship between increased and decreased activations following learn-
ing, yet this is out of scope for the current work.

The test-retest reliability of fMRI is under constant examination. The
current study included four different groups of learning participants, as well
as a control group who did not undergo a language learning intervention. In
order to associate our findings with the learning procedure, we performed a
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mixed-effect ANOVA on the cohort of control participants with each cohort
of learning participants. The ANOVA revealed a significant group (learn-
ing/control) x time (pre-/post-learning) interaction effect, indicating
increased activity following learning in each of the learning groups, com-
pared to the control group. Furthermore, a group-level mass-univariate
analysis aimed to identify regions of increased activity within the control
group yielded no significant results. The fact that effects of learning were
detected in each of the ISL-course rounds, but not in the control cohort, may
suggest that the observed differences resulted from the learning intervention
and not from the mere passage of 4 weeks between the two scans.

Notably, in the current work a 1-s inter-stimulus interval is used in the
fMRI task. While previous studies’** have suggested that a greater temporal
separation is recommended between stimuli to properly detect stimulus-
related neural activation, here we use task conditions as long as 15 s, pro-
viding us with sufficient time to capture the hemodynamic response in each
condition.

Brain activity in response to sign language stimuli immediately after
learning predicted behavioral measures of learning success 6 months post-
learning. This finding is consistent with previous evidence linking brain
activation following language-learning to performance measures'. While to
the best of our knowledge this association has been so far demonstrated
between brain activation and behavioral performance measured at the same
time, here we provide first evidence for the predictability of long-term
learning retention from shorter-term neural response to the newly
learned skill.

We found three activation patterns that were significant predictors for
learning retention. The strongest was the activation pattern of the sen-
tences > learned signs, which we interpret as the activation related to the
learning of sentence-level structures (such as syntax, prosody and mor-
phology). Additional predictors were the activation patterns related to the
sentences > non-linguistic contrast, reflecting all aspects of language, and the
learned signs > non-linguistic contrast, reflecting initial-phonological and
lexical processing. This suggests that learning the sentence-level compo-
nents of a new language may be essential for long-term proficiency in it. This
conclusion is also supported by previous work demonstrating an association
between performance in a learned language and activity in Broca’s area and
in the posterior superior temporal gyrus (pSTG), both engaged with syntax
processing’’.

Our findings may indicate that the manner in which we encode a newly
learned language dictates its long-term retention, possibly pointing to a
more profound level of learning as opposed to simple memorizing. Speci-
fically, learning sentence-level rules, beyond learning only isolated lexical
items, improves the learning and retention of a new language.

To conclude, in the current work we demonstrate how phonological,
lexical, and sentence-level components of sign language differ in their neural
representations in hearing novice signers. Sign language learning drives
changes in neural activity in response to different linguistic components of
sign language, highlighting its functional impact on the brain. Furthermore,
we show that post-learning activation patterns, as well as pre-to-post dif-
ference in activation associated with elements of sentence processing,
effectively predict long-term learning retention, therefore linking neural and
behavioral measures of learning outcomes.

Methods

Experimental design

A total of 107 volunteers participated in this study. Eighty-seven participants
(mean age 26.08, SD 3.85, 79 right-handed, 52 females) underwent two MRI
scans, one before and one after (mean time between scans was 5.6 weeks)
attending an ISL course. The course was held four times, each with a dif-
ferent group of 20-23 participants, to allow optimal learning with individual
guidance and attention from the teacher. An additional cohort of 20 control
participants (mean age 24.5, SD 1.24, 17 right-handed, 12 females) under-
went the same two MRI scans (mean time between scans was 5.1 weeks) but
did not attend a sign language course in between. All participants were
hearing individuals, naive to sign language (mean number of familiar ISL

signs 0.6, SD 0.95), with no history of neurological diseases, psychological
disorders, drug or alcohol abuse, or use of neuro-psychiatric medication.
Learning participants knew on average 2.4 spoken languages (SD 0.69) and
control participants 2.25 spoken languages (SD 0.55) at a conversational
level prior to the study. Four learning participants and one control parti-
cipant were excluded from analysis due to poor data quality, yielding a
dataset of 83 learning participants and 19 control participants. Four addi-
tional learning participants were excluded due to right-hemispheric dom-
inance for sign-language processing (see “Language hemispheric
dominance” paragraph in the “Methods” section), resulting in 79 learning
participants (17-22 per learning group). All participants took an ISL pro-
ficiency test immediately after completing the ISL course, and 58 out of the
79 participants returned to re-take the same test 6 months later, while not
practicing sign language in any organized way between the two timepoints.
The research protocol was approved by the Institutional Review Board
(IRB) of Sheba Medical Center. All participants signed an informed consent
form. All ethical regulations relevant to human research participants were
followed.

Sign language course

The ISL course consisted of eight 90-min lessons, taking place twice a week
over the span of 4 weeks. It was taught by an experienced deaf Israeli Sign
Language teacher native in ISL and held via Zoom. The course covered ISL
vocabulary, grammar, and syntax. Learning success was evaluated using a
sign language proficiency test constructed by the teacher, in which parti-
cipants were requested to translate videos with ISL content into Hebrew.
The test consisted of ten videos of sentences, five videos of dialogues and two
videos of basic arithmetic exercises in Israeli Sign Language. All participants
took the test immediately after the course. The sign language proficiency
test, containing the ISL videos and following each one a blank space in which
participants fill in their translation into Hebrew, can be found here.

MRI acquisition

MRI data were acquired using a 3T Magnetom Siemens Prisma (Siemens,
Erlangen, Germany) scanner with a 64-channel RF coil, at the Tel-Aviv
University Strauss Center for Computational Neuroimaging. Participants
underwent two MRI sessions, one before and one after the sign language
course. Each MRI session included anatomical and functional scans, with
the following specifications: T1-weighted images were acquired with a 3D
magnetization-prepared rapid acquisition gradient echo (MPRAGE)
sequence, with TR/TE = 2400/2.78 ms and a resolution of 0.9 mm isotropic.
T2-weighted images were acquired with a SPACE (SPC) sequence with TR/
TE = 3200/554 ms and a resolution of 0.9 mm isotropic. Functional images
were acquired with a T2*-weighted gradient-echo echo-planar protocol
(GE-EPI) with the following parameters: TR/TE = 750/30.8 ms, multiband
acceleration factor (Simultaneous Multi-Slice) of 8, resolution of 2 mm
isotropic, flip angle: 52°, AP phase encoding. A fieldmap was acquired using
spin-echo EPI images with opposite phase-encoding directions. Functional
scans included two runs of an fMRI task (each run was 7 min and 45 s long,
see below). Additional scans were acquired as part of the Strauss Center’s
general acquisition protocol but were not analyzed in the current study.

fMRI task

The fMRI task included five conditions in a block design (Fig. 8). Four video
conditions featured the same native signer of ISL (different from the sign
language teacher) signing the following content: (1) three-sign sentences in
ISL composed of vocabulary, grammar, and syntax taught in the course; (2)
single signs (equivalent to words in spoken languages) in ISL that were
taught in the course; (3) single signs in ISL that were not taught in the course
(akin to pseudosigns); (4) matched non-linguistic hand and arm move-
ments (i.e., hand and arm movements that did not abide the phonological
rules of ISL, choreographed by Dan Pelleg, a professional choreographer
with linguistics background). Each video was 2s long, in all linguistic
conditions. To avoid a possible iconicity effect, signs were selected such that
they do not resemble the represented object/action, to the best of our ability
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Fig. 8 | fMRI task design. The task included four
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video conditions and one baseline condition pre- [ 1min. 158
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the unlearned signs condition (in yellow) was
designed to involve initial phonological processing
(PIB) only, the learned signs condition (in purple)
also involved phonological- and semantic-lexical
processing (PIL and semantic lexicon), and the
sentences condition (in green) also involved
sentence-level processing.
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(see Supplementary Fig. S5). Videos of all conditions did not contain
mouthing. The non-linguistic condition included movements of the hands
produced in the same space on which ISL signs are produced—in front of
the signer’s body. They were of comparable in duration to the videos of the
other conditions (~2 s), and were edited such that each video included a
sequence of hand movements with variability in complexity and in move-
ment duration, so that they can be contrasted both with single signs and with
sentences. Six fluent ISL signers (mean age 32.83, SD 10.25, five females)
confirmed that the non-linguistic videos did not contain any gestures that
may be interpreted as ISL. For the non-linguistic videos, see Supplementary
Movie 1-7. A baseline condition presented a fixation cross.

The videos in the fMRI task were selected from a bank of video clips.
The sentences condition bank consisted of 36 unique videos, the learned and
unlearned signs banks consisted of 20 videos per condition, and the non-
linguistic bank consisted of seven videos. Videos were selected randomly
with replacement. For the content of the videos see Supplementary Table S1.
In order to minimize perceptual differences between the different condi-
tions, all of the videos presented the same native ISL signer, wearing the
same clothes, standing in front of a similar background and with the same
lighting conditions, with the same parts of his body visible (the upper part of
the body, including the torso, hands, and head). Further, an ANOVA
revealed no significant differences between the different task conditions in
the following parameters: brightness, contrast, average color histogram, two
translational measures (x-axis and y-axis) and a rotation measure.

The different task conditions were designed to involve different com-
binations of linguistic components and processes (as summarized in Fig. 8):
the non-linguistic condition involved no linguistic processing. Given that the
movement sequences did not follow the phonology of ISL, these sequences
probably did not enter the language input process at all. All three linguistic
conditions involved linguistic processing, but each required different
components: the unlearned signs condition, which did follow the phonology
of ISL but were not stored in the participants’ lexicons, were expected to
involve only initial phonological processing (PIB); the learned signs con-
dition involved initial phonological processing (PIB), as well as lexical
components: the PIL and the semantic-conceptual system; the sentences
condition involved all of the above (the PIB, the PIL and the semantic-
conceptual system), as well as additional elements of sentence-level

(including syntactic, prosodic and morphological) processing. Notably,
although the semantic lexicon and the conceptual system are distinct
components, in the current study we assessed them together.

The task included six blocks of each video condition, each consisting of
five 2-s videos, and seven blocks of the baseline condition. The order of
conditions was counterbalanced across task runs and participants. The
videos within each condition were randomly selected and separated by a 1-s
fixation cross. To encourage task engagement, participants were instructed
to report their perceived understanding of each video in real-time, on a scale
from 1 (“I do not understand any of the content in the video”) to 4 (“I fully
understand the content of the video”). For the results of the subjective
comprehension scores, see Supplementary Fig. S5 and Table S2.

MRI preprocessing

Image processing was carried out using the pipeline developed by the
Human Connectome Project (HCP)*. The pipeline incorporates a set of
tools provided by FMRIB Software Library (FSL), Freesurfer”’ and the
HCP’s Connectome Workbench*". Structural volume images in native
space were transformed into MNI space using a nonlinear volume-based
registration. The images were projected onto the surface and underwent
registration using the multimodal surface matching (MSM) algorithm®.
Cortical vertices were then combined with subcortical gray matter voxels to
form the standard “CIFTI grayordinates” space®.

Functional images preprocessing included fieldmap-based unwarping
of EPI images and motion correction, registration to the structural T1w
images, followed by a nonlinear volume-based registration to MNI and
projection onto the surface, and then onto the standard grayordinates space.
Data were minimally smoothed by a 4 mm FWHM Gaussian kernel in the
grayordinates space, cleaned for artifacts and noise using high-pass filtering
(2000s cutoff) and FMRIB’s ICA-based Xnoiseifier (FIX)**"' and underwent
registration using the MSM algorithm®.

Behavioral data analysis

Sign language proficiency test scores were obtained immediately and 6
months following the sign language course. Significant differences in sign
language test scores between timepoints were assessed using a non-
parametric two-tailed Wilcoxon signed-ranks test.
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Individual fMRI statistics

Task-fMRI data were analyzed using FSL’s FEAT” to detect brain regions
showing increased task-induced activation following the sign language
course. First-level analysis was performed per task run for contrasts of the
following video conditions: sentences > non-linguistic; learned signs > non-
linguistic; unlearned signs > non-linguistic; sentences > learned signs; and
learned signs > unlearned signs (Fig. 2; the opposite contrast of unlearned
signs > learned signs is also presented). We then averaged each participant’s
two task runs using a fixed-effects model, resulting in contrast activation
maps per participant per timepoint (to allow for comparison of the contrasts
between the scans performed before and after the course).

Language hemispheric dominance

The analyses in the current study were performed only on participants who
demonstrated left-hemispheric dominance for sign language processing.
Laterality index (LI) was calculated for all 83 learning participants based on
their post-learning activation maps in the sentences > non-linguistic con-
trast. LI was calculated as [L — R]/[L + R]” where L and R represent the
number of vertices with significant positive activation in the left and right
hemispheres, respectively. To identify these vertices, we thresholded each
participant’s sentences > non-linguistic map using a Gaussian-two-Gammas
mixture model®, where the Gaussian represents the noise, and the two
Gamma distributions represent positive and negative activations. Only
vertices with a Z-score above the median of the positive Gamma distribu-
tions were considered vertices of positive activation. For further analyses we
only used the data of the 79 learning participants (mean age 26.23, SD 3.85,
50 females) who demonstrated left-hemispheric dominance for sign
language input.

Functional plasticity —group-level fMRI statistics

A group-level analysis was performed to detect learning-induced altera-
tions in task-activity per task contrast, corresponding with the different
linguistic domains. For each contrast, a vertex-wise general linear model
approach was employed to detect an increase in brain activity between the
two timepoints, before and after the course (p < 0.05, FDR corrected for
91,282 vertices’”), aiming to identify regions of increased engagement
following learning. The same analysis was also performed on all 83 par-
ticipants (see Supplementary Fig. S6), demonstrating a significant increase
in activity in all task contrasts. A similar approach was further employed
to detect a decrease in brain activity between the two timepoints (see
Supplementary Fig. S7 and Table S3), among the 79 participants
demonstrating left hemispheric dominance. While a direct comparison
between learning and control groups may be biased due to unbalanced
group sizes, a vertex-wise 2 (pre-/post-learning) x 2 (learning/control)
mixed-effect ANOVA was conducted on the sentences > non-linguistic
activation maps to compare learning participants from each course round
with the control participants.

Representational similarity analysis of different linguistic com-
ponents following learning

To investigate activation patterns associated with different linguistic com-
ponents in a newly-learned language, all analyses described below were
performed on the learning participants’ post-learning scans.

An RSA with a whole-brain surface-based searchlight approach®,
using CoSMo Multivariate Pattern Analysis (CoOSMoMVPA)* was con-
ducted on the 59,412 cortical vertices. Three categorical (conceptual) dis-
similarity matrices were constructed, representing sentence-level processing
(sentences > all other conditions), lexical processing—phonological lexicon
and the semantic system (sentences and learned signs > unlearned signs and
non-linguistic) and initial phonological processing (sentences, learned signs,
and unlearned signs > non-linguistic). For the three categorical dissimilarity
matrices, see Fig. 4A. A neural RDM was calculated per vertex by running a
searchlight analysis, using circular two-dimensional patches of contiguous
100 vertices around each seed vertex on the cortical surface. The BOLD
signal for each of the four non-baseline task conditions (concatenated across

both task runs) were extracted from all vertices within each patch while
subtracting the mean activity pattern across all task conditions to eliminate
global effects”. A 4 x 4 neural RDM was then constructed for each vertex
serving as patch-center, using Pearson’s correlation (dissimilarity measure
of 1-Pearson’s r). The three categorical dissimilarity matrices associated with
the different linguistic domains were correlated with each vertex’s RDM,
thus generating three whole-brain maps of Pearson’s correlation scores,
converted to Z-values using a Fisher transformation. For group-level sig-
nificance testing we used random-effects Monte Carlo cluster statistics,
running permutation testing (10,000 iterations) with threshold-free cluster
enhancement (TFCE), as implemented by the CoOSMoMVPA toolbox™”.
Significance threshold was set at a=0.001, corrected for multiple com-
parisons. For a similar RSA analysis performed on the difference between
the normalized BOLD signal post-learning and normalized BOLD signal
pre-learning, see Supplementary Fig. S8. To assess the spatial overlap
between the three group-level significance maps, all three maps were
binarized and a Serensen-Dice coefficient'**'"" was calculated between each
pair of maps, resulting in six Dice coefficients.

We additionally calculated an RDM between the task contrast maps
associated with sentence-level processing (sentences > learned signs), lexical
processing (learned signs > unlearned signs) and initial phonological pro-
cessing (unlearned signs > non-linguistic). We averaged each contrast map
across participants to generate a group-level activation map (Fig. 5A), and
thresholded these maps using the Gaussian-two-Gammas mixture model*’
to identify brain regions engaged in the processing of different linguistic
components (Fig. 5B). We then computed the dissimilarity measure 1-
Pearson’s r for each pair of maps (Fig. 5C). For significance testing we
conducted a permutation test with 10,000 iterations, in which vertices’
activation values were randomly shuffled between the two maps. Finally,
Dice coefficients were calculated for each pair of binarized thresholded
activation maps (Fig. 5D). Both the RDM and the Dice coefficients were
further computed on the individual level and then averaged across parti-
cipants (Supplementary Fig. S3).

Prediction of future learning outcomes

Fifty-eight of the 79 participants re-took the sign language proficiency test
6 months after completing the course. We aimed to predict their test scores
in both timepoints (i.e., immediately following the course and 6 months
later) based on their post-learning activation maps and their delta activation
maps (calculated as the difference between post-learning activation and pre-
learning activation), in the following contrasts: sentences > non-linguistic,
associated with the processing of all linguistic domains introduced in the
current study; sentences > learned signs, associated with elements of
sentence-level processing; learned > unlearned signs, associated with lexical
(phonological and semantic) processing; and unlearned signs > non-lin-
guistic, associated with initial phonological processing. Prediction was
performed using a Brain Basis Set (BBS) pipeline'” in a ten-fold cross-
validation routine. The BBS prediction pipeline was composed of four steps
applied per fold: (1) Dimensionality reduction using principal components
analysis (PCA) to a predetermined number of 20 components. (2) The
selected components were regressed against the individual data of every
participant in the current fold’s training set, to yield a number referred to as
an “expression score” for each component and participant'®. (3) A linear
model was fit to predict the sign language test scores from the expression
scores. (4) The model was applied to the current fold’s test set. Statistical
significance was determined using a permutation test with 1000 iterations in
which test scores were randomly shuffled. Contribution maps were created
for successful predictions, visualizing the contribution of each vertex in the
activation map to the prediction of the test scores. For each of the ten folds,
each component derived from the data reduction step (step (1) in the BBS
prediction pipeline above) was multiplied by its corresponding beta coef-
ficient from the linear model, resulting in 20 weighted components per fold.
The weighted components maps were then summed within and across
folds, yielding a map representing each vertex’s quantified contribution to
the prediction.
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Statistics and reproducibility

Group-level (N = 79) statistics include mass-univariate tests for the detection
of brain regions in which activity increased or decreased following sign
language learning (FDR corrected for 91,282 comparisons per number of
vertices). A mixed-effect ANOVA was conducted on the sentences > non-
linguistic activation maps of control group (N=19) with the four learning
groups (N=17-20), yielding a significant group (learning/control) x time
(pre-/post-learning) interaction effect (p < 0.05, FDR corrected). The findings
of the ANOVA indicate an increase in activity following learning in each of
the learning groups, compared to the control group. An additional group
analysis aiming to investigate activation patterns associated with different
linguistic components included an RSA with a whole-brain surface-based
searchlight approach, performed on the learning participants’ (N =79) post-
learning BOLD signal and post- vs. pre-learning BOLD signal. For group-
level significance testing we used random-effects Monte Carlo cluster sta-
tistics, running permutation testing (10,000 iterations) with threshold-free
cluster enhancement (TFCE)™”. Significance threshold was set at a = 0.001,
corrected for multiple comparisons. Lastly, prediction of learning success and
retention was performed on all participants who took the sign language test
at both timepoints (N=58), using the Brain Basis Set (BBS) pipeline by
Sripada et al.'”. Statistical significance was determined using a permutation
test with 1000 iterations in which test scores were randomly shuffled.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available upon request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Code availability

While most analyses were performed using previously-published pipelines
and toolboxes, custom Matlab scripts are available as Supplementary Soft-
ware 1.
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