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We have long known that language is lateralized to the left hemi-
sphere (LH) in most neurologically healthy adults. In contrast, findings
on lateralization of function during development are more complex.
As in adults, anatomical, electrophysiological, and neuroimaging studies
in infants and children indicate LH lateralization for language. However,
in very young children, lesions to either hemisphere are equally likely
to result in language deficits, suggesting that language is distributed
symmetrically early in life. We address this apparent contradiction by
examining patterns of functional MRI (fMRI) language activation
in children (ages 4 through 13) and adults (ages 18 through 29). In
contrast to previous studies, we focus not on lateralization per se but
rather on patterns of left-hemisphere (LH) and right-hemisphere (RH)
activation across individual participants over age. Our analyses show
significant activation not only in the LH language network but also in
their RH homologs in all of the youngest children (ages 4 through 6).
The proportion of participants showing significant RH activation de-
creases over age, with over 60% of adults lacking any significant RH
activation. A whole-brain correlation analysis revealed an age-related
decrease in language activation only in the RH homolog of Broca’s
area. This correlation was independent of task difficulty. We conclude
that, while language is left-lateralized throughout life, the RH contri-
bution to language processing is also strong early in life and de-
creases through childhood. Importantly, this early RH language
activation may represent a developmental mechanism for recovery
following early LH injury.
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Based on examinations of adults with acquired brain injury,
language has long been hypothesized to be lateralized to left-

hemisphere (LH) inferior frontal and superior temporal areas in
adults (1, 2). This notion of LH language dominance has subse-
quently received ample support from examinations of brain struc-
ture revealing asymmetries in the size of temporal and inferior
frontal brain areas (3–7), behavioral studies demonstrating a right
ear and right visual field (thus LH) advantage for processing of
language stimuli (8, 9), studies showing language impairments in-
duced by experimental disruption of the left hemisphere (10–13),
and electrophysiological stimulation and functional neuroimaging
studies revealing left-lateralized activation during language tasks
(14–20). While handedness modulates language dominance to
some degree (21–23), it is clear that language function (especially
the production and processing of syntax) is left hemisphere-
dominant in the vast majority of adults.
What is less clear is whether this strong left dominance is

present at birth or appears gradually during development. Here
the existing bodies of evidence, each extensive, suggest appar-
ently inconsistent findings. On one hand, clinical findings suggest
that the LH and right hemisphere (RH) are equipotential and
equally involved in language early in life, with gradually increasing
involvement of the left hemisphere through childhood (24, 25). This
generalization was initially based on observations from clinical
studies of 102 individuals with early unilateral brain injuries, some of
whom underwent subsequent hemispherectomies (24). As summa-
rized by Lenneberg (25), in children whose lesions occurred prior to

the onset of speech (18 to 24 mo), left- and right-hemisphere injury
equally resulted in delayed or absent language development (47% of
children for LH and 51% for RH). Hemispherectomy performed
before age 13 resulted in permanent aphasia only for a small per-
centage of patients regardless of hemisphere (6% for LH and 12%
for RH patients), whereas hemispherectomy in adults resulted in
permanent aphasia for all LH patients and not a single RH patient.
These and subsequent clinical observations (26) suggest that the
adult lateralization pattern is not yet established in young children
and that both hemispheres participate equally in language during
early development.
On the other hand, anatomical and functional evidence in healthy

children suggests that left dominance is present even in infants and
neonates. For example, the above-mentioned anatomical asym-
metries have been observed in infant brains as well (4, 27, 28), and
language-evoked brain activation measured using electroenceph-
alography (EEG) evoked potentials, near-infrared spectroscopy
(NIRS), and functional MRI (fMRI) is left-lateralized early in life
(15, 29–38). While some studies have found that language is
somewhat less lateralized in children and that left lateralization
increases from childhood to adulthood (31–33, 35), others have
found no differences in lateralization between children and adults
(34, 39) and, among those who did, there is disagreement about
whether the increase in left lateralization is driven by a decrease of
RH activation or an increase of LH activation. Either way, the
common finding of left lateralization of language early in life is
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is represented in the brain during development. Studies of the
anatomy, physiology, and fMRI activation of the two hemispheres
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early stroke.
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seemingly at odds with the clinical observation that early damage
to either hemisphere is equally likely to result in language deficits.
This apparent conflict may at least partly be caused by the way

laterality data from functional imaging studies are traditionally
analyzed. The vast majority of studies to date have investigated
language lateralization using a laterality index (LI) comparing
LH and RH activation. While the precise method for quantifying
LH and RH activation and computing the LI differs across
studies (40, 41), the LI in general compares the difference be-
tween LH and RH activation with the total activation. LIs near
0 indicate bilateral and equal activation in the two hemispheres,
whereas positive LIs indicate left lateralization. This measure
allows quantification of lateralization regardless of absolute ac-
tivation levels, which may be influenced by age or other factors
that may differ over age, such as stimulus complexity, effort, and
task difficulty (17, 42–45). However, because the LI is a differ-
ence score, potentially important information may be lost. An
increase in LI with age could reflect a decrease of RH activation,
an increase of LH activation, or both; the extent to which the LH
and the RH are each involved in language processing is not di-
rectly reflected in LI scores. Activation maps presented along
with LI data usually show group data, averaged across partici-
pants. Lower RH activation in these group maps does not nec-
essarily reflect lower RH activation in individual participants; it
could simply indicate that RH activation is not as consistent
across individuals as LH activation.
For these reasons, the present fMRI study focuses on activa-

tion patterns in each hemisphere rather than on lateralization
per se, and on analyses of individual activation maps rather than
group averages, through childhood to young adults. Doing this
requires a task that activates the brain strongly and reliably
enough to compute activation maps for individuals and also re-
quires that task difficulty be kept fairly stable over age.
We examined brain activation in 39 children (ages in years;months

from 4;6 through 13;0) and 14 adults (ages 18;5 through 29;2) during
a well-studied and highly reliable language-comprehension task called
the Auditory Description Decision Task (ADDT) (37, 46). All par-
ticipants were right-handed, neurologically healthy native speakers of
English and had IQs in the normal or above-normal range. During
forward-speech blocks, participants heard sentences defining a noun
and pushed a button if the sentence was correct (e.g., “a big gray
animal is an elephant”). During the reverse-speech control condition,
participants heard the same audio files played backward and pushed
a button if they heard a beep at the end of the file. To equate task
difficulty across ages, all target words were selected from the 5,000
most common words in print; within this range, the word fre-
quency of the target nouns was varied across the three child age
groups, based on norms from age-appropriate reading materials
[targets were chosen from the 2,500 most frequent words for the
youngest age group, from the 3,500 most frequent words for the
middle age group, and from the 5,000 most frequent words for the
oldest group (47)], while leaving the syntactic frame of the sen-
tences the same. Response accuracy was high and did not differ
significantly between the child age groups (Table 1), suggesting
that this manipulation matched task difficulty fairly well. Adults
received the same stimuli as the oldest children.
Several analyses contrasting the fMRI response to forward vs.

reverse speech were performed. For comparability with other
studies, we first did a random-effects group analysis to generate
and compare language activation maps for our four age groups:
young (4;6 through 6;8, n = 10), middle (7;4 through 9;10, n =
14), and oldest (10;0 through 13;0, n = 15) children and adults
(18;5 through 29;2, n = 14). We then turned to individual acti-
vation maps in order to determine significant activation for each
individual participant in LH language areas and their RH ho-
mologs. To examine the consistency of these activation patterns
across individuals in each group, we generated penetrance maps
showing the percentage of subjects in each group who showed

significant activation in each brain voxel and determined the
percentage of subjects with significant activation in anatomically
defined regions of interest (ROIs) in left and right inferior frontal
and superior temporal cortex. Finally, we performed a whole-brain
analysis across all participants to identify brain areas in which
language activation was correlated with age. While the first of
these analyses is frequently performed on imaging data, the
other analyses are less common and are designed to illuminate
the patterns of activation that appear in substantial numbers of
children and that may change systematically over age but may
not appear in a traditional mean activation analysis.

Results
Random-Effects Group Analyses. In order to establish the consis-
tency of our findings with others’ in the literature, we began with
an analysis of fMRI activation for forward versus reverse speech
over the four age groups. In agreement with findings of other
studies, in this group analysis all age groups show strongly left-
lateralized language activation, predominantly in LH inferior fron-
tal and superior temporal cortex (Fig. 1). Right cerebellar activations
are also present in all age groups. A group x condition ANOVA on
the three child age groups showed no significant effect of age any-
where in LH language areas or their RH homologs at our usual
single-voxel and cluster-size thresholds of P < 0.001 and k < 0.05.
Including the adult group produced a significant age effect in both
LH and RH superior temporal gyrus; adults show less activation in
these regions than any of the child age groups. This is likely due to
our use of the same word frequency level for adult participants as
for the oldest children, resulting in a slightly easier task and higher
level of accuracy for this group. Importantly, however, there were
no significant changes in lateralized activation over age shown in
these analyses.

Individual Activation Maps. The ADDT produces such strong and
reliable activation for forward vs. reverse speech that we do not
have to focus only on group analyses but in addition can examine
individual activation maps (smoothed with an 8-mm full width at
half-maximum [FWHM] Gaussian kernel and thresholded using
an uncorrected single-voxel threshold of P < 0.001 and a cluster-
extent threshold given which family-wise error rate [FWE] was
<0.05). Fig. 2 shows example individual activation maps for sub-
jects in each of the age groups. In contrast to the group analyses,
the individual activation maps show striking differences over age,
particularly in RH activation. While the majority of adults had
little to no RH activation, RH activation was strong and extensive
in many of the youngest children, in some cases comparable to
that of the LH. When RH activation occurred, it was roughly the
mirror image of that observed in the LH, with peaks in inferior
frontal and superior temporal cortex. We therefore used several

Fig. 1. Random-effects group activation maps contrasting activation
evoked by listening to forward (comprehensible) and backward (incompre-
hensible) speech. All age groups (youngest, n = 10; middle, n = 14; oldest,
n = 15; adults, n = 14) show strong left lateralization.
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additional methods of analysis designed to examine whether these
differences were reliable within and across the age groups. While
significance in group activation analyses requires consistent acti-
vation across most or all participants in the group, other types of
analyses can better reveal activations that are consistent across a
sizeable portion of the group or that relate closely to age.

Penetrance Maps. Because our task permits us to construct an
activation map for each individual, we can overlap these maps to
examine how many individuals in each age group show signifi-
cant activation at each voxel throughout the brain. As already
revealed by the group activation maps, the proportion of par-
ticipants with overlapping activations was highest in the usual LH
language areas: left superior temporal cortex (STC) and left
inferior frontal cortex (IFC) for all age groups (Fig. 3). Impor-
tantly, however, and not revealed by the group activation maps,
50% of the youngest children also showed significant overlapping
activation in RH IFC (Brodmann area [BA] 45/47) and STC (BA
21/22). This proportion decreased across age groups, reaching 0%
in the adults. Table 2 presents the peak overlap percentages and
locations for all age groups.

Proportion of Subjects with Significant RH Activation. Because a
reduction in map overlap could simply reflect sparser activations
or larger variability in where activation occurs, we also calculated
the proportion of subjects in each group who showed significant
activation anywhere in anatomically defined ROIs in left and
right inferior frontal cortex and superior temporal cortex. All
participants showed significant activations in left IFC and left
STC. Fig. 4 shows the proportion of participants in each group
whose individual activation maps also showed significant acti-
vation in right IFC and in right STC. This proportion is at 90% in
the youngest group but drops dramatically and systematically
across the age groups.

Correlation of fMRI Activation with Age: Whole-Brain Analysis. We
also conducted a whole-brain analysis of covariance (ANCOVA)
searching for voxels whose activation correlated negatively with
age across all subjects. This analysis revealed large clusters along
left and right STC (BA 21/22) and an additional cluster including
portions of the right insula and IFC (BA 13/44/45/47). When the
analysis was confined to the children only, only the right IFC
correlation remained (also see ref. 37). The bilateral STC cor-
relations were driven predominantly by a group difference be-
tween children and adults (with lower STC activation bilaterally
in adults; see above) rather than a consistent activation decrease
over age. In contrast, the age correlation with activation in the
right insula and right IFC appears to be a genuine and consistent
decline in activation across age. These results were virtually iden-
tical when task performance (proportion of correct responses) and/
or reaction times were included as covariates of no interest in the
analysis and therefore are unlikely to be driven by differences in
task error rates, difficulty, or effort across age. Fig. 5 shows the right
IFC cluster displaying a significant decrease of language activation
over age, along with scatterplots illustrating the correlation.

Correlation of fMRI Activation with Age: ROI Analysis. In addition to
searching the whole brain for correlations between age and acti-
vation, we also tested for correlations between age and activation
in RH “language areas” (quantified as the number of voxels with
significant individual map activation in RH areas mirroring the
LH language network, but similar results are obtained for any of
several different ways of quantifying RH activation). A significant
negative correlation between RH activation and age was observed
regardless of whether performance was partialled out (r = −0.33
with and r = −0.40 without correction for performance). No such
correlation was observed between age and LH activation (r = −0.09
with and r = −0.12 without correction for performance).

Table 1. Participant age groups and performance measures

Youngest
(4;6 to 6;8)

Middle
(7;4 to 9;10)

Oldest
(10;0 to 13;0)

Adults
(18;5 to 29;2)

Group differences
(children only) Group differences (all groups)

N (females) 10 (6) 14 (8) 15 (7) 14 (7)
Mean FSIQ (SD) 113.80 (14.81) 117.14 (14.73) 112.93 (10.35) 120.71 (6.40) F(2,36) = 0.4, P = 0.68 NS F(3,49) = 1.23, P = 0.31 NS
Mean VIQ (SD) 106.75 (7.80) 118.57 (17.08) 114.60 (11.99) 121.93 (7.55) F(2,36) = 0.58, P = 0.57 NS F(3,49) = 1.33, P = 0.28 NS
% correct (SD) 86.30 (11.04) 89.05 (9.99) 93.33 (7.35) 99.64 (0.98) F(2,36) = 1.81, P = 0.18 NS F(3,49) = 6.58, P < 0.001
RT in msec (SD) 2823 (187) 2945 (466) 3009 (99.59) 3053 (122) F(2,36) = 1.15, P = 0.33 NS F(3,49) = 1.63, P = 0.19 NS

FSIQ = Full scale IQ; VIQ = Verbal IQ; RT = reaction time.

Fig. 2. Examples of individual activation maps in each of the age groups.
Strong activation in right-hemisphere homologs of the left-hemisphere
language areas is evident in the youngest children, declines over age, and
is entirely absent in most adults. The penetrance maps in Fig. 3 summarize
this finding across all subjects.

Fig. 3. Penetrance maps, illustrating the proportion of participants in each
age group with significant activation in each voxel. Among the youngest
participants (n = 10), the overlap in some parts of the right hemisphere
reaches 50%, but there is no RH overlap among the adults (n = 14). The
middle (n = 14) and oldest (n = 15) groups of children show intermediate
amounts of RH overlap. (See also Table 2.)

Olulade et al. PNAS | September 22, 2020 | vol. 117 | no. 38 | 23479
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No Correlation between RH Activation and Performance. In healthy
participants and stroke patients, increasing sentence complexity,
task difficulty, or errorful performance can produce increasing
RH activation (17, 43–45). As described above, the design of the
ADDT attempted to equate sentence and task difficulty and
response accuracy by keeping the sentence frame the same but
altering target word frequency in accord with reading material
norms across age groups; indeed, response accuracy was high
(above 80% correct) and roughly equal across age groups.
Nonetheless, to be certain that the higher level of RH activation
in younger children was not due to these factors, we examined
the correlation between RH activation and task performance.
This correlation (r = −0.25) did not reach significance. The re-
sults were virtually identical when the correlation analyses were
repeated without the adult participants.

Discussion
Our analyses demonstrate that, while at the group level even
young children show left-lateralized language activation, a large
proportion of the youngest children also show significant acti-
vation in right-hemisphere homologs of the left-hemisphere
language areas (most notably, right-hemisphere inferior frontal
and superior temporal cortex). This proportion decreases with
age, as does the RH activation itself. No similar activation de-
crease with age was observed for the LH. These findings suggest
that the neural network for language processing in young chil-
dren includes these RH homologs as well as the typical LH
language areas, and that this distribution becomes systematically
more localized to the LH over age. While some previous studies
have shown that the laterality index increases over age (31–33),
their emphasis has been on the fact that language is left-lateralized
throughout development. Moreover, the laterality index (mea-
suring the ratio of LH to RH activation) does not reveal whether
this change is due to changes in the activation of the LH, the RH,

or both. In the present study, we conducted analyses to reveal the
details of these activations separately, showing that the develop-
mental changes for our sentence-processing task involve changes
only in RH activation.
In healthy adults and adult stroke patients, RH activation in-

creases with sentence complexity, task difficulty, and errorful
performance (17, 43–45). However, task complexity and errorful
performance in our task do not appear to be the cause of the
greater RH activity found here in young children. The ADDT
was designed to maintain task difficulty at a comparable level
across age groups by maintaining the same sentence frame but
changing the target word frequencies used over age groups. As a
result, accuracy was high and fairly constant across age. In ad-
dition, we found no significant correlation between task perfor-
mance and RH activation, and the negative correlation between
RH activation and age remained when task performance and
reaction time were partialled out. This suggests that the RH
activations observed here reflect genuine functional involvement
of the RH in language processing in young children and are not
artifacts of our specific task.
One more possibility is that RH activation in young children is

due to developmental differences in the way they process the
sentences we have presented in the ADDT and not to changes in
neural organization. That is, perhaps RH activity in young children
arises not from early RH involvement in the aspects of language
processing (lexical activation, syntactic parsing, and semantic in-
terpretation) that will later become localized to the LH, but rather
to young children’s greater reliance on typical RH processes such
as attention to emotional prosody or intonation in our task.
For several reasons we do not believe this underlies our results. First,
target sentences in the ADDT were spoken in a flat, neutral in-
tonation, and “true” sentences had the same intonation contours as
“false” sentences; reliance on prosodic information would there-
fore not explain the high levels of accuracy that even the youngest
children achieved. In addition, children in the broad age range that

Table 2. Peak activation overlap in left and right IFC and STC for each age group

Youngest Middle Oldest Adults

Left IFC (peak MNI coordinates) 80% (−54,18,17) 86% (−48,25,−1) 60% (−55,19,22) 71% (−52,27,18)
Right IFC (peak MNI coordinates) 50% (51,21,−11) 36% (52,25,−6) 20% (54,34,14) No overlap
Left STC (peak MNI coordinates) 80% (−58,−25,0) 100% (−59,−34,1) 73% (−63,−31,0) 71% (−57,−41,1)
Right STC (peak MNI coordinates) 50% (53,-37,3) 29% (62,−22,0) 40% (65,−30,−1) No overlap

Fig. 4. Proportion of participants in each group (youngest, n = 10; middle,
n = 14; oldest, n = 15; adults, n = 14) whose individual activation maps
showed significant activation in anatomically defined ROIs in right IFC (Left)
and in right STC (Right).

Fig. 5. In a whole-brain analysis, voxels showing a negative correlation
between age and language activation appear in right IFC. The cluster shown
was identified by looking for correlations across all participants (n = 53), but
the correlation still holds when the analysis is conducted only on the children
(n = 39) and adults are excluded from the analysis. It also holds when task
performance and reaction times are partialled out. The scatterplots show
signal change for forward–backward speech over age, with the age groups
indicated in different colors (youngest children in blue, n = 10; middle
children in red, n = 14; oldest children in green, n = 15; adults in black, n =
14). Correlations are indicated with and without an activation outlier (in
parentheses) in the youngest group.

23480 | www.pnas.org/cgi/doi/10.1073/pnas.1905590117 Olulade et al.
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we tested (ages 5 through 13) are beyond the early stages of ac-
quisition in which greater reliance on prosody than syntax and
semantics might be expected. Studies of sentence processing in
children in the age range of our younger subjects show that they
do use lexical and syntactic information for sentence compre-
hension, sometimes showing less ability to use prosodic informa-
tion than older children and adults (48, 49). Finally, the reverse-
speech condition included the same variations in pitch, duration,
and loudness that characterize prosody in the forward-speech
condition, so neural activation to these properties would be sub-
tracted in our analyses.*
We therefore believe that the higher levels of RH activation in

a sentence-processing task, and the slow decline in this activation
over development, are reflections of actual changes in the neural
distribution of language functions and not merely developmental
changes in sentence-comprehension strategies used in the ADDT.
We suggest two accounts of what might underlie these changes.
One possibility is that children are becoming more efficient lan-
guage processors long after they have acquired the basic structures
of their language, and developmental changes in expertise and the
efficiency of language processing may be accompanied by greater
localization of these functions in the brain. Another possibility,
perhaps related, is that the language system increasingly separates
and neurally segregates its subcomponents over this period (see
below). Further research on the efficiency of language processing
through development, and on the effects of expertise and matu-
ration on the neural organization of skills, is needed.

Conclusions and Future Directions
Our results suggest that, early in life, right-hemisphere homologs
of left-hemisphere inferior frontal and superior temporal lan-
guage areas functionally contribute to sentence processing. This
involvement of the right hemisphere in sentence processing de-
creases throughout childhood and early adolescence and is mostly
absent by early adulthood. These findings further suggest that, if
we were able to present the same task and conduct the same
analyses with even younger children, it is likely that we would see
even greater functional involvement of the RH in language pro-
cessing than we see in our youngest participants. There are some
indications of this in studies of infants (29, 50, 51), but most
studies of infant language activation have focused on whether
there is any LH lateralization at young ages; further research is
needed to examine the relative degree and extent of RH activation
in infants and very young children.
It is important to note that, when we refer to the activation

from our task reflecting the neural distribution for “language
processing,” we use this term in the conventional sense of focusing
specifically on sentence processing, including sentence structure
and meaning. These are the particular aspects of language that are
conventionally thought of as left-lateralized in almost all healthy
adults and, in previous research, in young children as well. There
are, however, other language skills, including the processing of
prosody (for example, vocal emotion and intonational contrasts
between statements and questions) and the processing of dis-
course devices (for example, story coherence, metaphor, and the
like) that are hypothesized to be right-lateralized in healthy adults.
These abilities have seldom been studied in fMRI tasks with young
children, but the available evidence suggests that infants and
children also show RH lateralization to prosody when analyses are
done via the usual group-averaging methods (52–54). In ongoing
work, we are using our own analyses to ask whether young chil-
dren, while right-lateralized for prosody, also show more LH

activity than adults on the same task, in complement to our pre-
sent results on sentence processing. Together with the present
findings, such results suggest that many aspects of language are
more broadly represented in young children and then gradually
become segregated into their LH and RH components with in-
creasing age and expertise in language.
We are also using the same sentence-processing task employed

with healthy children and adults in the present work (the ADDT)
to examine language activation in teenagers and young adults
who have had a major LH stroke at birth (55). In accord with
previous studies of language outcomes after LH perinatal stroke
or early chronic LH seizure disorders (11, 24–26, 38, 46, 56, 57),
we are finding that these RH homologs are surprisingly capable
of supporting basic and even complex language skills when the
LH language network is damaged early in life (55). As the ac-
count of such findings, it is often suggested that the young brain
is highly plastic and that, for this reason, language can “reorga-
nize” to areas that are not ordinarily the substrates for adult
language. In contrast with this view—in light of the present re-
sults and in accord with earlier suggestions by Lenneberg (25)
and Berl et al. (37)—we hypothesize that the normal involve-
ment of the RH homologs in language processing during very
early childhood may permit the maintenance and enhancement
of RH language development when the LH is injured. In this
hypothesis, the declining involvement of the RH in sentence
processing over development—and the increasing dedication of
the RH homolog areas to processing other aspects such as
prosody—may explain why language recovery after LH stroke is
not as good in adults as it is in children. In ongoing work, we are
further investigating this “Developmental Origins hypothesis”
(58) as an explanation of the successful use of the RH for lan-
guage processing after early LH damage.

Materials and Methods
Participants.Our participants were neurologically healthy children ranging in
age from 4 to 13 who served as control participants in a previously reported
study of language reorganization in epilepsy and as participants in a study of
regional developmental change (37, 38, 46), and neurologically healthy
young adults run on the same scanner using the same paradigm. The study
was approved by the Institutional Review Boards at the Children’s National
Medical Center and at Georgetown University Medical Center; all partici-
pants provided consent (adults) or parental consent and child assent (chil-
dren). In addition to the fMRI task, all participants completed an IQ test
[Differential Abilities Scale for children ages 4 to 5 (59); Wechsler Abbrevi-
ated Scale of Intelligence (WASI) for children ages 6 to 12 (60); WASI II for
adults (61)] and provided information regarding language background and
personal and familial handedness. The final sample included only right-
handed native speakers of English with IQs in the average or above-
average range and who had no significant exposure to another language
before the age of 4. As shown in Table 1, the groups did not differ signifi-
cantly in IQ or in reaction time during the in-scanner task. The three child
groups also did not differ in in-scanner task accuracy, but the adult group
performed at somewhat higher accuracy (likely due to our using the same
target words for them as for the oldest children). All participant groups were
above 85% correct on the task. Note that LI increases with age for this
dataset have already been reported elsewhere (37) (Fig. 3); here, we focus
more specifically on how RH activation changes across age.

Magnetic Resonance Imaging.MRI was performed at Georgetown University’s
Center for Functional and Molecular Imaging using a 3-T Siemens MAGNE-
TOM Trio scanner and a 12-channel head coil. Prior to scanning, participants
were trained on lying still and performing the task in a mock scanner setup
that provides immediate feedback when the participant moves too much.
During the actual scan, participants’ heads were stabilized using foam
padding, and motion was monitored throughout so that scans could be
repeated if too much motion occurred.

Auditory stimuli were presented via Sensimetrics model S14 insert ear-
phones, over which the participants wore Bilsom ear defenders to attenuate
scanner noise. Sound intensity was set prior to the scan to the maximum level
participants were comfortable with, to ensure that stimuli were clearly au-
dible over the scanner noise. Following a brief localizer scan to allow volume

*In listening to stimuli constructed to test prosody in another experiment, we find that
the prosody of words and sentences is identifiable in reverse as well as forward speech,
supporting the argument that activation to prosodic processing would be subtracted in
the present analyses.
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placementwith slices parallel to the anterior commissure–posterior commissure
(ACPC) line, each participant was scanned using the following sequences.
High-resolution anatomical image. Siemens MPRAGE, 176 sagittal slices; repe-
tition time (TR), 1.9 s; echo time (TE), 2.52 ms; flip angle, 9°; 1 × 1 × 1-mm3

voxels covering the entire brain. Participants watched an age-appropriate
movie during localizer and MPRAGE acquisition.
Functional sequence. Echo-planar imaging in 50 horizontal slices, acquired in
descending sequence; TR, 3 s; TE, 30 ms; flip angle, 90°; 3 × 3 × 3-mm3 voxels
covering the entire brain. Functional runs consisted of 100 whole-brain
volumes and took 5 min. Runs were repeated if too much motion oc-
curred; analyses include only one run per subject.
In-scanner task. During functional runs, participants performed an auditory
description decision task developed by Gaillard et al. (46) (also see refs. 37
and 38). In the forward-speech condition, participants heard short sentences
describing a noun (e.g., “a big gray animal is an elephant”) and pushed a
button at the end of the sentence if the description was correct (which was
the case for 70% of the sentences). Task difficulty was adjusted across age
groups by selecting nouns at varying levels of word frequency. This ensured
that all participants performed the task with high accuracy, avoiding dif-
ferences across age in activation arising from errors, confusion, or uncer-
tainty. In the reverse-speech control condition, the same audio files were
played backward, and participants responded if they heard a beep at the
end of the utterance (again, in 70% of the items). This condition controlled
for low-level auditory features and also for motor activity related to button
pushes. Sentences in both conditions were presented every 3 s, leaving
about 1 s of response time after each sentence. A 5-min functional run
comprised five blocks each of the forward and reverse conditions presented
in interleaved order, starting with the reverse condition. Each block lasted
30 s and contained 10 utterances.

Preprocessing of Neuroimaging Data. After discarding the first three volumes
(to allow for saturation of T1 effects) and the last three volumes of each
dataset (to keep the number of volumes constant across conditions), neu-
roimaging data underwent the following preprocessing using SPM8 (Well-
come Trust Centre for Neuroimaging at University College London) (62): 1)
slice-time correction, 2) rigid-body motion correction to the first volume of
the run, 3) determination of the rigid-body transformation needed to align
functional and anatomical images, 4) spatial normalization into Montreal
Neurological Institute (MNI) standard space based on automatic segmenta-
tion of anatomical images using VBM8 (63), and 5) spatial smoothing with
an 8-mm FWHM Gaussian kernel. Functional time series and motion-
estimation files were inspected to identify volumes with obvious artifacts
or extreme (>0.75 mm) intervolume motion, and a “bad scan” regressor was
created to remove the influence of these volumes from the statistical anal-
yses. Datasets with more than 25% bad scans were excluded from further
analysis, resulting in the slightly different group sizes reported in Table 1.

Analysis of Neuroimaging Data.
First-level general linear model. Separately for each participant, we fit the time
course of each voxel in the dataset using a general linear model with the
following predictors: predictors 1 and 2modeled the stimulation time courses
for experimental and control conditions, convolved with a canonical he-
modynamic response function, predictors 3 through 8 captured the motion
estimations for translation along and rotation about the x, y, and z direc-
tions, predictor 9 captured volumes affected by motion and other artifacts,
predictor 10 captured the global signal to remove the influence of signal
variations affecting the entire brain (such as those caused by subjects taking
a deep breath), and predictors 11 through 14 were cosine basis functions
(0.5, 1, 1.5, and 2 cosines) serving as a high-pass filter.
Individual language activation maps. Individual “language activation maps”
were created by contrasting the resulting beta images for the experimental
and control conditions using a t test [while correcting for serial autocorre-
lations using the AR(1) autoregression model]. To apply consistent threshold
criteria to all subjects’ maps, we decided on a single-voxel threshold (P <
0.001) that was the median (and close to the average of 0.0013) of the P
values corresponding to a false discovery rate (FDR) of less than 5% across all

subjects. This was combinedwith a cluster-extent threshold given which the family-
wise error rate at the cluster level was smaller than 5%. (Mean and median of this
threshold across subjects coincided at 269 mm3, with an SD of 57 mm3.)
Group activation maps.Group activationmaps were created separately for each
age group by submitting the unthresholded individual activation maps of all
subjects in the group to a random-effects analysis. Like the individual maps,
group activation maps were subjected to a single-voxel threshold of P < 0.001
(which was stricter than the single-voxel threshold corresponding to an FDR of
less than 5% for all groups) and a cluster-level threshold given which the FWE
was less than 5%. (The threshold cluster size was 209, 231, 249, and 276 mm3

for the youngest to oldest group, respectively.) We also ran a random-effects
analysis incorporating the activation maps of all subjects, regardless of age.
This overall activation map was also thresholded at P < 0.001, and the cluster-
size threshold corresponding to FWE < 0.05 was 341 mm3. Finally, to deter-
mine whether there was a main effect of age, we performed one ANOVA
across the four age groups and another ANOVA across only the three child age
groups. As before, maps were thresholded using a single-voxel threshold of
P < 0.001 and a cluster-size threshold corresponding to FWE < 0.05, which
corresponded to a cluster size of 334 mm3 for the ANOVA across all age groups
and 314 mm3 for the ANOVA across the child age groups.
Penetrance maps. Penetrance maps were computed for each subgroup by
determining the percentage of individual activation maps showing signifi-
cant activation in each voxel. It is important to note the potential differences
of what can be revealed by group activation maps as compared with pen-
etrance maps. Both penetrance maps and group activation maps will reveal
areas in which there is consistent activation across most or all subjects’ in-
dividual maps. Thus we expected both map types to highlight LH frontal and
temporal cortex. However, they differ in what they reveal about areas of
low and/or inconsistent activation: Group activation maps will show activa-
tion in areas where there is consistent activation across subjects’ individual
maps, even if it is slightly subthreshold for all of the individuals. In contrast,
only penetrance maps will highlight areas in which activation may not be
consistent across all subjects but is significant in a sizeable proportion
of them.
Anatomical regions of interest. Anatomical ROIs were generated from the WFU
PickAtlas (64), using the IFG (inferior frontal gyrus) label for the inferior
frontal ROI and the labels for Brodmann areas 22, 21, and 39 for the tem-
poral ROI, following Berl et al. (38).
Whole-brain correlation analysis. To identify voxels whose activation showed a
significant positive or negative correlation with age, we performed a whole-
brain ANCOVA across all participants, as well as across the children only. (We
also repeated the analyses while including task performance and/or reaction
times as covariates of no interest, which did not appreciably change the
results.) The resulting maps were thresholded at a single-voxel threshold of
P < 0.005, combined with a cluster-size threshold of 802 mm3, corresponding
to FWE < 0.05.

Figures. Figures were created using Mango software (65), with statistical
maps overlaid on a surface rendering of the Colin27 T1 image in MNI space.
To better illustrate activations falling into sulci (e.g., superior temporal sul-
cus [STS]), activations were projected up to 10 mm outward onto the surface.

Data Availability. The MRI data reported in this paper have been deposited in
the Open Science Framework, http://osf.io/zkpv2.
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