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Whether language has its evolutionary origins in vocal or gestural commu-
nication has long been a matter of debate. In humans, the arcuate fasciculus, a
major fronto-temporal white matter tract, is left-lateralized, is larger than in
nonhuman apes, and is linked to language. However, the extent to which the
arcuate fasciculus of nonhuman apes is linked to vocal and/or manual com-
munication is currently unknown. Here, using probabilistic tractography in 67
chimpanzees (45 female, 22 male), we report that the chimpanzee arcuate
fasciculus is not left-lateralized at the population level, in marked contrast with
humans. However, individual variation in the anatomy and leftward asymmetry
of the chimpanzee arcuate fasciculus is associated with individual variation in

the use of both communicative gestures and communicative sounds under
volitional orofacial motor control. This indicates that the arcuate fasciculus
likely supported both vocal and gestural communication in the chimpanzee/
human last common ancestor, 6-7 million years ago.

The arcuate fasciculus (AF) is a large white matter tract that connects
ventrolateral frontal cortex with lateral temporal cortex, passing
through the white matter below lateral parietal cortex'. In humans, the
primary endpoints of the AF, Broca’s and Wernicke’s areas, are impli-
cated in language functions, and this network shows robust
population-level left-lateralization’”. However, whether this asym-
metry exists in nonhuman primates is a matter of debate. There have
been conflicting results across studies, several of which have used
relatively small sample sizes and/or did not include both males and
females®'*. Here, using a mixed-sex sample of 67 chimpanzees (Pan
troglodytes), we test for population-level asymmetries in the AF.
Additionally, whether individual variation in the nonhuman primate
arcuate fasciculus is associated with communication is entirely unknown.
Accordingly, we also assessed a unique category of communicative
behaviors described in chimpanzees and other great apes. Attention-
getting sounds (AGs) include raspberries, kisses, and extended food

grunts™, Raspberries are produced by expelling air through pursed lips
and sound like a “Bronx cheer,” while kisses involve drawing air through
pursed lips and sound exactly as the name implies. Extended food grunts
are a voiced, low frequency, atonal sound that is a modification to
naturally-occurring food grunts. In wild chimpanzees, AGs are most
commonly produced during grooming, particularly between male
dyads, and are thought to signal positive intentions'. In captivity, AGs
are similarly produced during grooming' but are also used to capture
the attention of an otherwise inattentive human audience” >,

AGs are of interest for several reasons. First, AGs are under volun-
tary motor control’?, Second, like human languages, individual varia-
tion in the use of AGs appears to be socially learned and run in families”.
Third, AGs are primarily used in social communication contexts, which
makes them important as potential indicators of ancestral pre-
adaptations for human language. Therefore, we examined whether
individual variation in AG behavior was associated with AF volume,
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Fig. 1| Tractography. These are group composite images representing above-threshold connectivity common to at least 50% of subjects. A AF Arcuate fasciculus. B SLF
Second and third branches of the superior longitudinal fasciculus. C VP Ventral pathway. D CST Corticospinal tract.

asymmetry, and fractional anisotropy (FA), a scalar measure of white
matter that can reflect myelination and/or tract coherence, although it is
not a comprehensive index of all aspects of white matter
microstructure®. We also quantified the volume and asymmetry of AF
terminations into ventral premotor cortex and the homolog of Broca’s
area, where gray matter morphology has previously been associated
with the production of attention-getting sounds® .

Importantly, great apes also possess a rich gestural communica-
tion repertoire*. Captive chimpanzees show population-level right-
hand preference for gesture production®. Whether spoken human
language may have evolved from gestural origins has been a matter of
heated debate® . We measured chimpanzees’ frequency and hand
preference when using manual gestures to draw a human'’s attention
toward out-of-reach food (initiating a behavioral request, IBR)**™*°. We
considered the possibility that manual gestures and AGs might involve
white matter tracts other than the AF, particularly those that link
frontal, parietal, and temporal regions associated communication and
orofacial/manual action. Therefore, we also examined the superior
longitudinal fasciculus (SLF), ventral pathway (VP), and corticospinal
tract (CST). It is important to keep in mind that modern chimpanzees
are not the ancestors of modern humans. However, brain-behavior
relationships that are present in both chimpanzees and humans likely
reflect functionality present in the chimpanzee-human last common
ancestor, and can therefore shed light on the emergence of pre-
adaptations for language evolution. We reasoned that if significant
relationships existed between vocal and/or gestural communication
and the anatomy of any of these tracts, then that would suggest that
the tract played a functional role in that aspect of communication in
the chimpanzee/human last common ancestor.

Results

Tractography

Within the total sample 67 subjects, complete and reliable parcellation
of the AF, SLF, CST, and VP was achieved in 47, 58, 67, and 56 chim-
panzees, respectively. Figure 1 shows group composite images for each
tract, illustrating above-threshold connectivity in over 50% of subjects
for each tract. Expanded views of tractography are available in Sup-
plementary Figs. 1-4.

Age effects

Because the age range of the subjects were considerable within the
chimpanzee sample, we initially tested for their association with mean
FA and volume as well as the AQ values. These results are shown in
Table 1. Increasing age was associated with lower bihemispheric mean
FA values for the AF and SLF but not the CST and VP tracts. No sig-
nificant associations were found between age and the mean volume or
the AQ values for the volumes and FA values for any of the 4 tracts.

Lateralization

We tested for population-level asymmetries in the volume and FA for
each tract as well as the gray matter terminations of the arcuate fas-
ciculus into PMv and Broca’s area using one sample t-tests and these
results are shown in Table 2. Also shown in Table 2 are the number of
chimpanzees with a positive (rightward) or negative (leftward) AQ
scores for each measure. Significant leftward asymmetries were found
for the CST FA and volume. By contrast, we found a significant right-
ward asymmetry for SLF volume and a borderline leftward asymmetry
for SLF FA. For the gray matter terminations of the AF, no significant
population-level asymmetry was found, but terminations in PMv did
approach conventional levels of statistical significance toward right-
ward asymmetry (p <0.10). When considering the sign of the differ-
ence scores, we also found a significant association between
lateralization and sex for the terminations of the arcuate fasciculus
into PMv using a chi-square test of independence, X*(1, N =47) =3.958,
p=0.047, ®=0.290). A higher proportion of males showed a leftward
asymmetry of AF PMv terminations compared to females. None of the
remaining chi-square tests were significant.

Correlates with AG sound production
In the initial analysis, we found no significant main effects or interac-
tions of sex or AG group on bihemispheric mean AF volume or FA
values. For the AF AQ scores, the MANOVA revealed a significant two-
way interaction between sex and AG group, F(2, 42) =3.938, p=0.027,
np? = 0.158. Subsequent univariate F-test revealed a significant two-way
interaction between sex and AG group for the AF volume, F(1,
43)=6.509, p=0.026, np*>=0.131, but not FA value, F(1, 43) =0.030,
p=0.862, np*=0.001. The mean AF AQ scores +/— SEM for male and
female AG- and AG+ chimpanzees is shown in Fig. 2a. Post-hoc analysis
indicated that AG+ males had more leftward asymmetries in the AF
volume compared to AG- males and AG+ females. For the SLF, CST,
and VP, the MANOVAs revealed no significant main effects or inter-
actions of sex or AG group for either the mean volume, mean FA
values, the AQ volume or the FA AQ values. Regarding the AF gray
matter terminations, the mixed-model analysis of the mean AF gray
matter terminations failed to reveal any significant main effects or
interactions; however, for the AQ scores, a significant two-way inter-
action was found between sex and AG group F(1, 43) = 6.816, p=0.012,
np?= 0.137. The mean gray matter termination AQ scores +/— SEM for
male and female AG- and AG+ chimpanzees is shown in Fig. 2b. As was
the case for the AF volume, post-hoc analysis indicated that AG+ males
had more leftward asymmetries in the combined Broca’s area and PMv
gray matter terminations compared to AG— males and AG+ females.
Recall that chimpanzees were classified as AG- and AG+ based on
their percentage in producing AG sounds across the 6 trial test sessions.
As a follow up analysis, we also performed a correlation coefficient
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between the percentage of trials on which chimpanzees made an AG
sound and the AQ scores for the AF volume (Fig. 3). Correlation analyses
were run only to confirm significant MANCOVA results and were not
carried out exhaustively over a large number of variables. For females,
there was a non-significant positive association between the percentage
AG sound use and the volume AQ scores, indicating that AG sound use
was weakly associated with more rightward asymmetric AF tract
volumes (r(28)=0.167, p=0.312). By contrast, in males, there was a
significant negative association with higher percentages in the use of AG
sounds were produced associated with greater leftward asymmetry of
AF volume (r(15) = —0.716, p = 0.001). These findings validate the MAN-
OVA results and suggest that the leftward asymmetry in AF volume
among males is manifest whether characterizing AG sound production
on a binary or continuous scale of measurement.

Further, we also assessed the relationship between AG sound
production and asymmetry of gray matter terminations within Broca’s
area and ventral premotor cortex (Fig. 4a, b). For terminations in
Broca’s area, females showed a non-significant positive (rightward)
association with the percentage of trials on which an AG sound was
produced (r(28) =+0.184, p=0.330) whereas males showed a sig-
nificant negative (leftward) association (r(15)=-0.418, p=0.081).
Notably, effect sizes for males in each of these correlations are in the
moderate to strong range. For terminations in PMv, males showed a
moderate, significant negative (leftward) association with the percen-
tage of trials on which AG sounds were produced (r(15)=-0.533,
p=0.027), whereas females showed a weak, significant positive
(rightward) association (r(28) = 0.356, p = 0.058).

Table 1| Partial correlation coefficients between age and the
bihemispheric mean volume, mean fractional anisotropy (FA),
and asymmetry quotient (AQ) for volume and FA for each
tract while controlling for sex

Mean Asymmetry

FA Volume FA Volume
Tract
AF (df=44) -0.300 -0.018 -0.131 -0.073
p-value -0.043 0.903 0.386 0.627
SLF (df =55) -0.327 +0.001 -0.036 -0.049
p-value 0.013 0.994 0.791 0.717
CST (df=64) +0.037 +0.042 -0.031 +0.097
p-value 0.768 0.739 0.805 0.438
VP (df =53) -0.119 -0.009 -0.119 -0.221
p-value 0.386 0.951 0.389 0.105

Degrees of freedom and exact p-values are provided for all analyses. AF arcuate fasciculus, SLF
superior longitudinal fasciculus, CST corticospinal tract, VP ventral pathway.

Correlates with manual gesture communication

For the bihemispheric mean AF volume and FA values, the MANCOVA
revealed a significant main effect for IBR performance, F(2, 41) = 3.610,
p=0.036, np*=0.150. Subsequent univariate F-test revealed a significant
main effect of IBR performance on mean AF FA value F(1, 42) =4.239,
p=0.046, np>=0.092 with AA performing chimpanzees having higher
FA values than BA apes (Fig. 5a). No significant main effects or interac-
tions were found for the AF volume or FA AQ scores. Regarding SLF, no
significant main effects or interactions were found for the mean SLF
volume or FA values; by contrast, the MANCOVA revealed a significant
main effect for IBR performance for the AQ scores, F(2, 52)=8.395,
p<0.001, np?=0.244. The univariate F-tests revealed significant effects
of IBR performance on AQ values for both SLF FA F(1, 53)=9.611,
p=0.003, np’=0.153 (see Fig. 5b) and volume F(2, 52)=8.824,
p=0.004, np” = 0.143 (see Fig. 5¢). For both measures, AA chimpanzees
had greater leftward AQ values than BA apes. For CST, no significant
main effects or interactions were found for mean volume or FA values.
For the CST AQ values, a borderline significant main effect for IBR
performance was found F(2, 62) =2.879, p=0.064, np*= 0.085 with the
univariate F-tests revealing a significant effect for the AQ FA scores F(1,
63)=5.137, p=0.027, np>= 0.076. As with the SLF, AA chimpanzees had
greater leftward asymmetries than AB apes. Finally, the MANCOVA failed
to reveal any significant main effect or interactions for the VP mean
volume and FA values as well as the corresponding AQ scores.

As was done for the analysis of AG sound use, while controlling for
age, we also assessed correlations between the percentage of trials in
which chimpanzees made an IBR with the mean AF FA values, SLF
volume and FA AQ scores and the CST AQ values (Fig. 6), as a means
determining whether the use of the cut-points to classify the apes as
AA or BA may have biased the results. A significant positive correlation
was found between IBR performance and (1) mean AF FA values
(r(43) =0.364, p=0.007) (2) leftward asymmetry in the volume of the
SLF (r(54) =-0.305, p = 0.011) and (3) leftward asymmetry in the mean
FA of the SLF (r(54) =-0.432, p < 0.001). We failed to find a significant
association between IBR performance and the AQ values for the CST
FA values (r(63)=-0.160, p=0.102).

MANCOVA analyses did not find any significant relationship
between individual variation in hand preference for gesture produc-
tion and the asymmetry in the FA or volume of any tract. Further, no
significant relationships were found between gesture hand preference
and asymmetry of gray matter terminations in Broca’s area or PMv.

Discussion
In this study, we used probabilistic tractography in a sample of 67
chimpanzees to assess relationships between the anatomy and later-
alization of the arcuate fasciculus (AF) and communication behavior.
This produced 3 main findings.

First, we did not find evidence for population-level asymmetry in
the volume or fractional anisotropy (FA) of the chimpanzee AF.

Table 2| Mean volume and fractional anisotropy (FA) asymmetry quotient (Mean AQ) values, standard errors (se) distribution of
left- and right-lateralized chimpanzees for each tract, and AQ

#L #R Mean AQ s.e. t df <] 95% CI Cohen’s d
AF_Volume 24 23 0.0266 0.0183 1.448 46 0.154 -0.0068 to 0.0161 0.21n
AF_FA 21 26 0.0047 0.0057 0.817 46 0.418 -0.0104 to 0.0635 0121
SLF_Volume 16 42 0.0253 0.0086 2.932 57 0.001 -0.0002 to 0.0143 0.855
SLF_FA 22 36 0.007 0.0036 1.953 57 0.056 0.0080 to 0.0426 0.255
CST_Volume 44 23 -0.0161 0.0068 -2.370 66 0.021 -0.0297 to -0.0025 0.289
CST_FA 39 28 -0.0049 0.0022 -2.239 66 0.029 -0.0093 to -0.0005 0.273
VP_Volume 27 29 0.0071 0.0084 0.848 55 0.400 -0.0097 to 0.0238 0.113
VP_FA 35 21 -0.0051 0.0035 -1.478 55| 0.145 -0.0121 to 0.0018 0.196

Results include one sample t-test values, degrees of freedom, exact p-values, 95% confidence intervals and Chhen’s d effect size. AF arcuate fasciculus, SLF superior longitudinal fasciculus, CST

corticospinal tract, VP ventral pathway.
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Fig. 2 | Relationships between the production of attention-getting sounds
(AGs) and the asymmetry quotient (AQ) of the arcuate fasciculus (AF). A Box
and whisker plot of AQ volume for AG- (red) and AG+ (blue) male and female
chimpanzees. Significant two-way interaction between sex and AG group for AF
volume: F(1, 43) = 6.509, p = 0.026, np® = 0.131. B Box -and-whisker plot of gray
matter AQ termination values for AG- (red) and AG+ (blue) male and female
chimpanzees. Significant two-way interaction between sex and AG group: F(1,
43)=6.816, p=0.012, np*=0.137. For (A and B), each circle within the bar graph
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represents an individual subject data point and the highest and lowest horizontal
lines (boundaries) of the whiskers represent the maximum and minimum values.
The upper and lower lines within the box represent the 25th and 75th percentiles
while the central horizontal line indicates the median. Note that negative AQ values
indicate leftward asymmetry. AG- indicates individuals that do not produce
attention-getting sounds; AG+ indicates individuals that do. Total N=47 chim-
panzees for these analyses. GM gray matter.
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Fig. 3| Correlation between the production of attention-getting (AG) sound use
and the asymmetry quotient (AQ) in average fractional anisotropy (FA) within
the arcuate fasciculus (AF). For males, (blue) increased production of AG sounds
were significantly associated with greater leftward asymmetries in the volume of
the arcuate fasciculus r(15) =-0.716, p = 0.001). By contrast, among females,
increased production of AG sounds was associated with greater rightward asym-
metries in the arcuate fasciculus, though the correlation was non-significant

r(28) =0.167, p = 0.312). The correlation coefficients differed significantly between
males and females (z=-3.711, p < 0.001).

Further, no population-level asymmetries were found in the gray
matter terminations of the AF into PMv or Broca’s area. This is a
marked difference from the human AF, which is consistently found to
be lateralized to the left hemisphere in both volume and FA>*>74,
Thus, it appears that a significant and potentially important difference
between humans and chimpanzees is in the lateralization of the AF and
its frontal targets™>***¢,

We also failed to find population-level asymmetries in the volume
or FAin the VP tracts. Chimpanzees did show a rightward asymmetry in
SLF FA and volume and a leftward asymmetry in CST FA and volume
(see Table 2), a finding consistent with previous work in chimpanzees"’
and humans, particularly right-handed individuals*®*’. The leftward
CST asymmetries within this cohort of chimpanzees may be explained
by the fact that a statistical majority are right-handed when assessed
across multiple measures of hand preference®.

Second, we found that individual variation in chimpanzee AF
anatomy is linked to volitional orofacial motor control within the

context of communicative sound production. This relationship varied
in a sex-dependent manner. Specifically, males who produced
attention-getting sounds (AG+) had greater leftward asymmetries
AF volume and gray matter terminations in Broca’s area and
PMv compared to AG- individuals (see Fig. 2). By contrast, AG+
females had greater rightward AF asymmetries as well as gray matter
terminations in Broca’s area and PMv compared to AG- females. The
sex-dependent pattern is consistent with previous studies in this
cohort of chimpanzees. For instance, Hopkins, Coulon® found that the
depth of the middle and inferior portions of the central sulcus differed
between AG+ and AG- chimpanzees in a sex dependent manner.
Similarly, Hopkins® found that AG+ and AQ- chimpanzees differed in
lateralization in the surface area and depth of the inferior frontal and
precentral inferior sulcus in a sex dependent manner. Note that the
inferior frontal and precentral inferior sulci are the superior and pos-
terior border of the inferior frontal gyrus, which contains the chim-
panzee homolog to Broca’s area.

Third, we found that individual variation in the anatomy of the AF
and SLF is associated with the production of manual communicative
gestures. Specifically, within the AF, we observed higher FA values in
chimpanzees that more consistently engaged in the initiation of a
behavioral request (IBR) by manually gesturing toward unreachable
food in the presence of a human experimenter (see Fig. 5a). Moreover,
within the SLF, chimpanzees that more consistently engaged in IBR
had greater leftward FA and volume AQ values than those that did not
(see Fig. 5b, ¢). In humans, frontal and parietal regions that are con-
nected by the AF and SLF are consistent with regions hypothesized to
play a role in joint attention®.

We did not find any significant association between asymmetry
of the AF and handedness for gesture production. This is consistent
with a previous study in humans which found that AF asymmetry was
not associated with handedness®?. Previous studies in both captive
and wild chimpanzees have reported significant rightward asym-
metries in hand use for gestural communication®***, However,
we found no significant associations between hand use for
manual gestures and the FA or volumetric AQ values for any of the
tracts. This suggests that individual variation in the anatomical
characteristics of these tracts is associated with chimpanzees’ pro-
pensity to produce IBR gestures, rather than handedness for the
gesture itself.
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use and the interhemispheric volume difference of arcuate fasciculus termi-
nations in Broca’s area and ventral premotor cortex (PMv). A Males (blue) show
amoderate, significant association between AG sound use and leftward asymmetry
of terminations in Broca’s (r(15) = -0.418, p = 0.081) whereas females showed a non-
significant positive (rightward) association with the percentage of trials on which an
AG sound was produced (r(28) = +0.184, p = 0.330). The correlation coefficients
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differed significantly between males and females (z=-1.917, p = 0.028). B For ter-
minations in PMv, males showed a moderate, significant association with the per-
centage of trials on which AG sounds were produced associated with increasing
leftward asymmetry (r(15) =-0.533, p = 0.027), whereas females showed a weak,
significant positive (rightward) association (r(28) = 0.356, p = 0.058). The correla-
tion coefficients differed significantly between males and females (z=-2.935,
p=0.002). GM gray matter.
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Fig. 5 | Relationships between white matter tract anatomy and volitional ges-
tural communication as indexed by the initiation of a behavioral request
(IBR) task. A Box-and-whisker plot of individual FA values for each tract in BA (red)
and AA (blue) chimpanzees. Chimpanzees that performed above average (AA, blue)
had significantly higher mean bihemispheric FA within the arcuate fasciculus (AF)
than chimpanzees that performed below average (BA, red). Significant main effect
of IBR performance on mean AF FA value F(1, 42) =4.239, p=0.046, np?= 0.092.
B Box-and-whisker plot of individual AQ FA values for each tract in BA (red) and AA
(blue) chimpanzees. Chimpanzees that performed above average had significantly
greater leftward asymmetries for FA values than those that performed below
average. Significant effect of IBR performance on asymmetry quotient for superior
longitudinal fasciculus (SLF) FA: F(1, 53) =9.611, p = 0.003, np*=0.153. C Box-and-

White Matter Tract

White Matter Tract

whisker plot of individual AQ volume values for each tract in BA (red) and AA (blue)
chimpanzees. Chimpanzees that performed above average had significantly more
leftwardly-asymmetric SLF volume values than those that performed below aver-
age. Significant effects of IBR performance on asymmetry quotient for SLF volume:
F(2, 52) =8.824, p=0.004, np*=0.143. For all Figures, each circle within the bar
graph represents an individual subject data point and the highest and lowest hor-
izontal lines (boundaries) of the whiskers represent the maximum and minimum
values. The upper and lower lines within the box represent the 25th and 75th
percentiles while the central horizontal line indicates the median. Negative AQ
values indicate leftward asymmetry. AG- indicates individuals that do not produce
attention-getting sounds; AG+ indicates individuals that do. For all analyses, *
indicates p < 0.05. CST corticospinal tract, VP ventral pathway.

Taken together, these findings suggest a potential neuro-
ethological scenario for the evolution of communication circuits in
the great ape lineage. In the wild, chimpanzees and other great apes
produce a complex and diverse set of voluntary manual gestural/tactile
signals*, as well as “sound gestures” in the auditory domain such as
AGs*™, Gestures in the manual/tactile domain are well developed in
chimpanzees and our results suggest that these behaviors at least par-
tially involve the SLF, which is visibly more robust in chimpanzees than
the AF (see Fig. 1). Meanwhile, gestures in the auditory domain are more
variable and appear to be more narrowly associated with the less-
developed AF, with leftward AF asymmetry being linked to increased
auditory orofacial communication specifically in males. Notably, pre-
vious studies in wild and captive chimpanzees have reported that the
proportion of individuals that produce AG sounds is greater in males
than females'®®. We further note that the sex-dependent associations
between orofacial motor control and the asymmetry of white matter
tract volumes were specific to the AF tract and non-significant for the
SLF, VP, and CST. This suggests that the AF plays in a potentially unique

role in the cognitive and/or motor aspects of this simple form of audi-
tory communication. Speculatively, then, the variability in the use of
voluntary sounds as gestures in chimps may create some individual
advantages for males such as enhanced social rank or increased mating
opportunities. This hypothesis could be tested with behavioral obser-
vations in the wild. It predicts that males who make more voluntary
auditory gestures will have increased fitness, i.e., more offspring.

If fitness benefits do indeed occur from increased AF-dependent
communication, it raises the possibility that this trait could have been
selected for in the lineage leading to humans, gradually producing
more sophisticated sound-based communication systems (language)
that rely heavily on the connections provided by the AF. Speculatively,
given the social and communicative role of AG sound use in wild and
captive chimpanzees'®, this finding suggests that the AF tract may
have had a role in volitional communication in the auditory domain in
the chimpanzee-human last common ancestor, but that the human
lineage experienced much greater expansion, elaboration, and
leftward-lateralization of this tract after the split.
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Fig. 6 | Correlations between white matter tract anatomy and volitional ges-
tural communication as indexed by the initiation of a behavioral request
(IBR) task. A Increasing IBR performance was associated with higher mean frac-
tional anisotropy (FA) values in the arcuate fasciculus (r(43) = 0.364, p=0.014).
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volume of the superior longitudinal fasciculus (SLF) (r(54) =0.305, p=0.02.

C Increasing IBR performance correlates with greater leftward asymmetry in FA
values for the SLF(r(54) =-0.432, p = 0.001). D No significant relationship between
gestural initiation of a behavioral request (IBR) and asymmetry of fractional ani-
sotropy values within the corticospinal tract (CST) (r(63) = -0.160, p = 0.102).

Several limitations of the present study should be considered. It
examined four specific tracts rather than considering a more com-
prehensive set of fibers. Of course, there are additional tracts that may
be associated with the behavioral measures quantified in this study.
Thus, future studies should consider additional tracts for measure-
ment, particularly those that connect Broca’s area and the PMv with
other brain regions. Additionally, the AF in humans typically includes
robust components for both the frontal-parietal limb and the parietal-
temporal limb. We found that the extension of the AF past the pos-
terior superior temporal gyrus was highly variable across chimpan-
zees, and we therefore measured FA only within the core portion of the
tract was consistently present across individuals, which reaches mini-
mally into the temporal lobe (see Fig. 1). Moreover, the scalar index of
white matter assessed here, FA, is not a comprehensive index of all
aspects of white matter microstructure®. Histological research would
be ideally suited to examine the underlying cellular-level cause of
variation in FA observed here, which could potentially include vari-
ables like axon thickness, myelin density, and/or presence/absence of
crossing fibers. Additionally, because of the correlative nature of the
study, we cannot make any causal inferences regarding the associa-
tions we found between the behavioral and anatomical measures
studied here. We cannot rule out that our behavioral assessments of
communication are not at least partially indexing emotional processes
like attention and motivation; however, the presence of significant
associations between these behavioral indices and neuroanatomical
features known to support communication argues that the behavioral
tests do reflect communicative processing in the brain.

Lastly, with regard to neuroanatomical traits that differ between
chimpanzees and humans, we cannot disambiguate between the
potential effects of evolved and acquired change. Humans are
immersed in a language-rich environment from birth, while

chimpanzees are not, raising the possibility that some aspects of
human language circuitry, such as the asymmetry, FA, or volume of the
AF, may be at least partially the result of experience-dependent
plasticity.

In conclusion, there are few if any studies to date examining
behavioral or cognitive correlates of individual variation in white
matter connectivity of different tracts within the brains of nonhuman
primate species. Here, we found that although the chimpanzee arcuate
fasciculus is not left-lateralized at the population level, greater left-
ward asymmetry was observed in male chimpanzees that produce
attention-getting sounds, a unique category of volitional orofacial
auditory communicative behaviors. We further found that the use of
manual gestural communication to initiate joint attention with a
human experimenter was associated with increased FA values in the
arcuate fasciculus as well as higher mean FA and greater rightward
asymmetry within the SLF. Together, these collective data suggest that
the white matter tracts that connect Broca’s area with the parietal and
temporal lobes played a role in communication behavior prior to the
split between the last common ancestor of chimpanzees and humans,
but that evolved changes after this split, particularly in the leftward
asymmetry of the arcuate fasciculus, may be part of the uniquely
human neural basis for language.

Methods

Subjects

Research procedures were reviewed and approved by the Institutional
Animal Care and Use Committee at Emory University. Data was col-
lected in 67 chimpanzees (Pan troglodytes) including 45 females and 22
males housed at the Emory National Primate Research Center (for-
merly Yerkes). At the time they were scanned, they ranged in
age between 9 and 54 years of age (Mean=24.16 years, SD=11.21).
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Fig. 7 | Masks used for tractography. A Schematic diagram of tracts. The arcuate
fasciculus (AF) connects the ventrolateral frontal lobe with the temporal lobe,
passing beneath parietal cortex. The ventral pathway (VP) connects the ven-
trolateral frontal lobe with the temporal lobe. The second and third branches of the
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superior longitudinal fasciculus (SLF II/1lI) connect the ventrolateral frontal lobe
with inferior parietal cortex. B Inclusion and exclusion masks used for AF, SLF, and
VP tractography. C Masks used for corticospinal tract (CST) tractography.

No subjects were excluded from analysis. Replication was not
applicable to this study as all available scans were used for the present
analysis.

Image collection

Scan acquisition details are described on the National Chimpanzee
Brain Resource website: https://www.chimpanzeebrain.org/protocols.
Briefly, chimpanzees were sedated with ketamine (2-6 mg/kg, i.m.)
and anesthetized with propofol (10 mg/kg/hr). A Siemens Trio 3.0-
Tesla MRI scanner was used to acquire 8 averages of 60-direction
diffusion-weighted images at B=1000 with isotropic 1.8 mm? voxels.
Diffusion-weighted images were acquired with reversed phase
encoding to allow for EPI distortion correction. Five volumes were
acquired at B = 0 with no diffusion weighting. T1-weighted images were
acquired with 0.8x0.8x0.8mm resolution in 18 subjects,
0.7x 0.7 x1.0 mm resolution in 47 subjects, and 0.9 x 0.9 x 0.9 mm
resolution in 2 subjects. Images are available through the National
Chimpanzee Brain Resource at http://www.chimpanzeebrain.org/.

Image preprocessing

Image processing and analysis used the FSL software package®°. T1
images underwent bias correction using FAST®? and brain extraction
using BET®. DTI images underwent EPI distortion correction using
TOPUP®, eddy-current correction using EDDY®*, diffusion tensor fit-
ting using DTIFIT®*¢ and brain extraction using BET®*, BEDPOSTX was
applied to model three fiber populations at each voxel®**®. The
resultant Bayesian distribution of fiber populations was sampled
probabilistically with PROBTRACKX2 to produce tractography®,
Tractography parameters were as follows: 5000 samples per voxel;
curvature threshold 0.2; fiber threshold 0.1; step length 0.5 mm; step
limit 2000; loopcheck and onewaycondition enabled; waycond = AND;
wayorder set to seed-waypoint-target. We used bidirectional

tractography for each tract: streamlines were first computed from
region A to region B, and then the reverse. Streamline density maps
(fdt_paths) were then summed and each tract was thresholded at 5% of
the combined waytotal for the two runs. The general approach of using
bidirectional tractography indexed by summed streamline density
maps is similar to the standardized protocol used in XTRACT®, and has
been previously used by Bryant, Li' to create the comprehensive
chimpanzee white matter atlas. For visualization, binarized tracts were
registered back to template space and further thresholded to only
retain voxels present in at least 50% of the population for each tract to
produce group-level composite images. In these composite images,
intensity at each voxel represents the percent of subjects with above-
threshold connectivity at that location. 3D renderings were created
using MRIcroGL.

Template creation. The software package ANTS was used to create
templates and compute alignments between each subject’s ima-
ges and the templates®®. We created an unbiased T1-weighted
template for this dataset using the ANTS script buildtemplate-
parallel.sh, using the greedy SyN diffeomorphic transformation
model and probability mapping similarity metric. We produced
an FA template which is aligned with the T1 template using the
same approach.

Registration. Masks (described below) were registered to individual
subjects’ native diffusion-space FA images using the nonlinear diffeo-
morphic ANTS transforms computed during the template-building
registration process. Accurate alignment of mask images was visually
confirmed individually for each dataset.

Masks. Figure 7 illustrates masks used for tractography. Masks were
drawn manually on the template. To ensure that masks consisted
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entirely and only of gray matter voxels in each subject, we computed
the intersection between registered template masks and each subjects’
diffusion-space gray matter segmentation, which was produced by
thresholding the FA image at 0.2. Varying Boolean logic combinations
of the same 3 gray matter masks were used for the arcuate fasciculus,
superior longitudinal fasciculus II/1ll, and ventral pathway, as descri-
bed below.

* Ventrolateral prefrontal cortex + ventral premotor cortex: This
mask was created by joining masks for ventrolateral prefrontal
cortex (Broca’s area) and ventral premotor cortex. The Broca’s
area mask is bordered posteriorly by the inferior precentral sul-
cus, anteriorly by the small sulcus that extends anteriorly from the
fronto-orbital sulcus (fos), and superiorly by the inferior frontal
sulcus. It encompasses ventral premotor cortex plus the portion
of the inferior frontal gyrus corresponding to the pars opercularis
and pars triangularis, roughly approximating Brodmann Areas 44
(FCBm) and 45 (FDp), respectively. However, it is important to
note that the correspondence between cytoarchitecture and
sulcal morphology is variable across individuals, particularly for
BA45%. The ventral premotor cortex mask is bordered posteriorly
by a vertical line from the lateral sulcus to the superior tip of
superior pre-central sulcus (i.e., primary motor cortex), and
superiorly by the gyrus that splits the inferior and superior
precentral gyri. It corresponds to the ventral portion of BA6. This
mask was used as a seed for the arcuate fasciculus, superior
longitudinal fasciculus, and ventral pathway.

Inferior parietal cortex + superior parietal cortex: This mask was
created by joining masks for inferior and superior parietal cortex.
The inferior parietal cortex mask is bordered anteriorly by the
posterior bank of post-central sulcus. Its posterior border is
located at the approximate half-way point of the inferior parietal
lobe. It corresponds roughly to cytoarchitectonic areas BA 40 and
7b (PFD and PF). The posterior parietal cortex mask is bordered
anteriorly by the posterior bank of postcentral sulcus, and
posteriorly by a vertical line drawn up from the termination of
the inferior sulcus that extends off the posterior end of the STS. It
corresponds approximately to BA 5 (PEm and PEp). This mask was
used as a seed for the ventral pathway and superior longitudinal
fasciculus and as an exclusion mask for the arcuate fasciculus.
Lateral temporal cortex: This mask includes the entirety of the
lateral temporal cortex extending from the temporal pole to the
junction of the temporal lobe with the occipital lobe, located
using the position of the occipital notch. This mask was used as a
seed for the arcuate fasciculus and ventral pathway and as an
exclusion mask for the superior longitudinal fasciculus.
Additional white matter masks were used as inclusion/
exclusion masks for these tracts:
Intrahemispheric plane: This mask was placed to intercept inter-
hemispheric streamlines. It was used as an exclusion mask for all
tracts.
Frontoparietal white matter: Two frontoparietal white matter
masks were placed posterior to the central sulcus. The mask
immediately posterior to the central sulcus was used as an inclu-
sion mask for superior longitudinal fasciculus tractography, and
the mask placed near the posterior end of the lateral sulcus was
used as an inclusion mask for the tractography of the arcuate
fasciculus.
Frontotemporal white matter: This mask was placed in the white
matter between the inferior frontal lobe and anterior temporal
lobe in the location of the extreme capsule. It was used as an
inclusion mask for ventral pathway tractography and exclusion
mask for the arcuate fasciculus and superior longitudinal
fasciculus.
Ventral pathway exclusion mask: This mask was placed in the
coronal plane at the same level as the frontotemporal white

matter mask. It was used as an exclusion mask for the ventral

pathway to avoid subcortical connectivity.

Different masks were used for corticospinal tractography:
Corticospinal gray matter seed: This mask includes the primary
motor and supplementary motor cortices as well as primary and
secondary somatosensory cortex.

* Superior and inferior white matter. Two masks were placed in the
axial slices along the expected path of the corticospinal tract.
While the superior mask was placed adjacent to putamen, the
inferior mask was placed in the pons.

The frontal and parietal gray matter masks are equivalent to those
used in prior studies’®”. The lateral temporal cortex matter mask is
comparable to masks used in ref. 72.

Tractography

Tractography was accomplished using FSL’s probtrackx2 tool using the
following parameters: 5000 samples per voxel; curvature threshold
0.2; fiber threshold 0.1; step length 0.5 mm; step limit 2000; loopcheck
and onewaycondition enabled; waycond = AND; wayorder set to seed-
waypoint-target. We used bidirectional tractography for each tract:
streamlines were first computed from region A to region B, and then
the reverse. Streamline density maps (fdt_paths) were then summed
and each tract was thresholded at 5% of the combined waytotal for the
two runs. The general approach of using bidirectional tractography
indexed by summed streamline density maps is similar to the stan-
dardized protocol used in XTRACT*’, and has been previously used by
Bryant, Li'° to create the comprehensive chimpanzee white matter
atlas. For visualization, binarized tracts were registered back to tem-
plate space and further thresholded to only retain voxels present in at
least 50% of the population for each tract to produce group-level
composite images. In these composite images, intensity at each voxel
represents the percent of subjects with above-threshold connectivity
at that location. 3D renderings were created using MRIcroGL.

Arcuate fasciculus. Bidirectional tractography was run using frontal
and temporal seed/target masks, with an inclusion mask in the fron-
toparietal white matter and exclusion masks in parietal gray matter,
frontotemporal white matter, and the mid-sagittal plane.

Superior longitudinal fasciculus II/Ill. Bidirectional tractography was
run using frontal and parietal seed/target masks, with an inclusion
mask in frontoparietal white matter and exclusion masks in temporal
gray matter, frontotemporal white matter, and the mid-sagittal plane.

Ventral pathway. Bidirectional tractography was run using frontal and
temporal seed/target masks, with an inclusion mask in the fronto-
temporal white matter and exclusion masks in parietal gray matter,
frontoparietal white matter, and the mid-sagittal plane.

Corticospinal tract. Bidirectional tractography was run using the
corticospinal gray matter mask and inferior white matter mask as seed/
target, with an inclusion mask in the superior axial plane and exclusion
mask in the mid-sagittal plane.

Tractography quantification

Individual tracts were thresholded at 5% of the summed waytotal. Next,
thresholded tractography results from each subject were warped to
template space and summed to create group-level composite tracts.
These group-level composite tracts were thresholded at 50% of the
cohort to retain voxels that were present in at least half of the indivi-
duals, and were then binarized, dilated, and made symmetric across
hemisphere to create archetype masks. Symmetrical archetypes are
necessary in order to ensure that presence/absence of connectivity is
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being measured within the same voxels of the left and right hemisphere
across individuals, to avoid biasing results toward either hemisphere.
This is a conservative approach which favors bias toward null results
over bias toward positive results. However, please note that the masks
used to seed tractography were not symmetrized, ensuring that regis-
tration of template space masks to individual diffusion datasets was
maximally anatomically accurate. The archetype masks for each tract
were projected back into individual space to be used as a logical inclu-
sion mask when quantifying white matter volume and average FA. Only
voxels that were part of each individual's white matter segmentation
were used to quantify white matter properties. Similarly, each subject’s
gray matter segmentation was used as a logical inclusion mask when
calculating volume of gray matter terminations of tracts in ROIs.

Measurement of AG sound production

We used to same criteria for measuring orofacial motor control and
the production of AG sounds as described in ref. 33. Each chimpanzee
received 6 test trials and they were tested alone. At the onset of each
60 s trial, a human was positioned outside the chimpanzees’ home
enclosure -1to 1.5 meters from the focal subject. At the start of the trial,
a second experimenter would approach the home cage and place a
food item (a portion of banana) at a location outside the focal subject’s
home cage but between the human and chimpanzee subject. On three
trials, the human was facing the focal chimpanzee and on the three
remaining trials, the human experimenter was facing away. On each
trial, we recorded whether the chimpanzees produced an AG sound
within the 60 s time period of each trial. At the end of the trial, the focal
chimpanzee was given the piece of banana regardless of their
response. Only 1 trial was administered each day and testing continued
until all 6 trials were completed. The outcome measure was the per-
centage of trials on which the chimpanzee produced an AG sound.
Based on these, we classified chimpanzees as AG- if they produced
zero AG sounds during all 6 trials or AG+ if they produced at least one
AG sounds of any of the 6 trials. With this sample, this resulted in 34 AG
- (26 females, 8 males) and 33 AG+ apes (19 females, 14 males).

Measurement of manual gesture communication

As an index of volitional communication in the manual gesture mod-
ality, we used previously published data from Leavens, Reamer” to
quantify their proficiency in initiating joint attention via a behavioral
request (IBR). Briefly, each chimpanzee voluntarily separated from
their social group and was temporarily housed in their outdoor
enclosure. At the start of the trial, a human experimenter was posi-
tioned outside the chimpanzee’s home cage at the extreme left or right
side of the enclosure. At the start of the 60 s trial, a second experi-
menter would approach the outdoor home enclosure and place a half
of a banana at the opposite end of the focal subject’s home cage for the
position of the human experimenter. We recorded whether the
chimpanzees tried to request the food by (1) gesturing toward the food
and (2) alternating their gaze between the referent (i.e., the banana)
and the human experimenter, and if so, which hand was used. If the
chimpanzee gestured toward the food while alternating their gaze
between the banana and the experimenter, their response was recor-
ded as “correct”. If the chimpanzees only gestured to the food without
alternating their gaze or they alternated their gaze between the
experimenter and the food without simultaneously gesturing, their
response was recorded as “incorrect”. Each chimpanzee was adminis-
tered 4 trials that were separated by at least one day. The percentage of
correct trials out of 4 was the outcome measure. We classified chim-
panzees that responded correctly on 3 or 4 trials above average (AA)
and all others as below or average (BA). Based on this criterion, 31
chimpanzees were classified as BA (21 females, 10 males) and 36 as AA
(24 females, 12 males). Hand preference data for gestural commu-
nication were derived from previously published data by Hopkins
et al.>>. In this study, a human placed a food outside the chimpanzees’

home enclosure in a unbiased, neutral position. The chimpanzee could
request the food by gesturing to it and their hand use was recorded as
right or left. Each chimpanzee received 30 trials. Binomial z-scores
based the frequency of right and left hand use were computed for each
chimpanzee. Chimpanzees with z-scores > 1.96 or z-scores < —1.96 were
classified as right and left-handed. All other chimpanzees were classi-
fied as ambiguously-handed. Within this sample, there were 38 right-,
14 left- and 7 ambiguously-handed.

Data analysis
For each tract, we quantified the volume and mean FA in each subject’s
native diffusion-space. Asymmetry quotients for tract volume and tract
FA were calculated using the equation: AQ=2x (R-L)/(R+L)*"7°,
Hence, positive values indicate rightward asymmetry and negative
values indicate leftward asymmetry. Similarly, for the AF, we also com-
puted average and difference values for the gray matter terminations in
Broca’s (Broca_GMT) and the ventral premotor (PMv_GMT) regions. The
mean and difference values for the AF, SLF, CST, and VP white matter
volume and FA values were compared using multiple analysis of covar-
iance (MANCOVA) with each outcome measure as the dependent mea-
sures while sex and AG group were the between group factors. For the
Broca’s and PMv gray matter means and difference values, we performed
a mixed model analysis of covariance (ANCOVA). Region was the repe-
ated measure while sex and AG group were the between group factors.
Alpha was set to p<0.05 and post-hoc analyses, when needed, were
performed using Tukey’s Honestly Significance Different (HSD) test.
To control for variation in age across the samples in the dataset,
age was included as a covariate in these models.

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

Data availability

Source Data are provided with this paper. All source images used for
this analysis are publicly available through the National Chimpanzee
Brain Resource at https://www.chimpanzeebrain.org/. Specifically, to
download data, users may fill out the MRI data request form at https://
www.chimpanzeebrain.org/request-tissue-or-mri-data. Data related to

Figs. 2-6 is available at https://doi.org/10.6084/m9.figshare.
28668560.
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