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Significance

Speech and language are unique 
abilities of humans, how the 
neural pathways for processing 
speech and language evolve in 
primates remains largely 
unknown. We compared the 
auditory dorsal and ventral 
pathways in three primate 
species using multi-shell 
diffusion-weighted MRI. We 
identified homologous auditory 
dorsal and ventral fiber tracks in 
these three primate species. 
Further analyses showed several 
similarities and divergences in 
auditory dorsal and ventral 
pathways between humans and 
non-human primates. This study 
sheds light on the evolutionary 
root of the auditory dorsal and 
ventral pathways in primates and 
provides insights into the 
human-specific brain 
specialization for speech and 
language processing.
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Auditory dorsal and ventral pathways in the human brain play important roles in sup-
porting speech and language processing. However, the evolutionary root of the dual 
auditory pathways in the primate brain is unclear. By parcellating the auditory cortex of 
marmosets (a New World monkey species), macaques (an Old World monkey species), 
and humans using the same individual-based analysis method and tracking the path-
ways from the auditory cortex based on multi-shell diffusion-weighted MRI (dMRI), 
homologous auditory dorsal and ventral fiber tracks were identified in these primate 
species. The ventral pathway was found to be well conserved in all three primate species 
analyzed but extend to more anterior temporal regions in humans. In contrast, the dorsal 
pathway showed a divergence between monkey and human brains. First, frontal regions 
in the human brain have stronger connections to the higher-level auditory regions than 
to the lower-level auditory regions along the dorsal pathway, while frontal regions in 
the monkey brain show opposite connection patterns along the dorsal pathway. Second, 
the left lateralization of the dorsal pathway is only found in humans. Moreover, the 
connectivity strength of the dorsal pathway in marmosets is more similar to that of 
humans than macaques. These results demonstrate the continuity and divergence of the 
dual auditory pathways in the primate brains along the evolutionary path, suggesting 
that the putative neural networks supporting human speech and language processing 
might have emerged early in primate evolution.

auditory dorsal and ventral pathways | evolution | primate brains | diffusion MRI

Studies on the evolution of speech and language networks are important to understand the 
emergence of human-specific specializations in the brain. In non-human primates, 
species-specific vocalizations are thought to be processed through two parallel processing 
streams, including a ventral “what” pathway and a dorsal “where” pathway (1–4). In humans, 
speech and language processing is also thought to be supported by a cortical dorsal–ventral 
dual stream architecture (5–9). This architecture involves two cortical pathways of informa-
tion flow between the auditory cortex and the frontal cortex (5–9). The dorsal pathway, via 
the arcuate fasciculus (AF), connects to Wernicke’s area (the speech comprehension region) 
in the temporal lobe, the angular gyrus in the parietal cortex, and Broca’s area (the speech 
production region) in the frontal lobe. This fiber tract is considered the most important tract 
for speech and language processing in the human brain (10–15). The ventral pathway is less 
understood than the dorsal pathway. Two major fiber tracts have been found along the 
ventral pathway in the human brain that are related to speech and language processing 
(16–22): the inferior fronto-occipital fasciculus (IFOF) and the uncinate fasciculus (UF).

The use of MRI techniques in non-human primates studies is becoming increasingly 
common (23–25). The development of comparative MRI has enabled anatomical and 
functional comparisons of the auditory dual streams across humans and various non-human 
primate species, such as macaques and chimpanzees (7, 12–15). Originally, the absence 
of AF that connects posterior superior temporal to inferior frontal cortex found in macaques 
was considered as the reason for the lack of speech in monkeys (12). However, such a 
connection had been demonstrated later by Romanski et al. (4). In addition, the existence 
of AF homologs in macaques and chimpanzees that interconnects the posterior temporal 
areas and inferior frontal areas was confirmed (7, 14), and the weaker connections of AF 
homologs in macaques than those in human were considered as the reason for the lack of 
speech in monkeys, making it into a quantitative than a categorical difference. Furthermore, 
expansions of AF’s temporal terminations to the middle temporal gyrus (MTG) were found 
in humans as compared with macaques and chimpanzees (7, 13). However, little is known 
about whether non-human primates have homologous ventral fiber tracts as humans. In 
order to make comparisons across primate species, homologous brain structures need to 
be defined. For example, the auditory cortex of non-human primates is divided into core, D
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belt, and parabelt sub-regions (26, 27). However, the parcellations 
of the human auditory cortex are quite different from those of 
non-human primates, which makes it difficult to directly compare 
the connectivity of these auditory cortical sub-regions along the 
dorsal–ventral dual streams between humans and non-human 
primates.

Other than chimpanzees and macaques (Old World monkeys), 
it is unclear whether the dorsal–ventral dual streams exist in New 
World monkeys, such as the common marmoset (Callithrix jac-
chus), which separated from Old World monkeys at about 40 Mya 
(28). The answer to this question is critical for pinpointing the 
evolutionary origin of the dorsal–ventral dual streams in the pri-
mate brain. The marmoset is a highly vocal and social primate 
species with a sophisticated vocal repertoire for vocal communi-
cation (29, 30). In recent years, marmosets have gained increasing 
interest in neuroscience and preclinical research (31–34). 
Understanding the extent to which marmosets have similar brain 
structures and connectivity as humans and other primate species 
is important for translational research.

In the current study, we compared probabilistic diffusion- 
weighted MRI (dMRI) tractography among marmosets, macaques, 
and humans. To establish homologous brain structures across these 
three species, we used an identical individual-based quantitative 
parcellation method based on MRI contrasts to parcellate the 
auditory cortex into comparable sub-regions for each individual 
subject. The connectivity strengths were compared for each 
sub-region along the dorsal–ventral dual streams across all three 
primate species. In addition, the connectivity strengths from 
regions beyond the auditory cortex (anterior temporal lobe and 
middle temporal regions) to the frontal cortex were also computed 
to explore the expansions of dorsal and ventral fiber tracks in the 
temporal lobe. Our analyses revealed homologous auditory dorsal 

and ventral fiber tracks in marmosets and macaques as in humans. 
In contrast to marmosets and macaques, the human dorsal path-
way showed an expansion in the temporal lobe to lateral regions 
beyond the auditory cortex and the human ventral pathway 
showed an expansion in the temporal lobe to anterior regions 
beyond the auditory cortex. Additionally, the dorsal pathways in 
marmosets were found to be more similar to those in humans as 
compared with macaques. These results demonstrate the evolu-
tionary continuity and divergence of auditory dual pathways in 
primates and illustrate the human-specific specializations for 
speech and language processing.

Results

Individual-Based Quantitative Parcellation of Auditory Cortex in 
Marmosets, Macaques, and Humans. We obtained whole-brain 
multi-shell dMRI data from nine ex vivo marmosets and three 
in vivo marmosets from our colony at Johns Hopkins University. 
Multi-shell dMRI datasets of five macaques and four awake 
humans were obtained from publically available online databases 
(Table 1). To visualize fiber tracks from the auditory cortex to the 
frontal cortex in marmosets, macaques, and humans, deterministic 
tractography was performed using DSI-Studio software (https://
dsi-studio.labsolver.org/) with the auditory cortex as the region of 
interest for each individual subject (see Methods for details). The 
deterministic tractography reconstructs fiber tracks by applying 
an algorithm to link the voxels with similar diffusion directions 
(35), assuming that there is one main diffusion direction for each 
voxel. This technique is used primarily for visualization due to its 
high false-negative rates. Our exploratory analyses (SI Appendix, 
Figs. S1–S3) uncovered homologous auditory dorsal and ventral 
fiber tracks in marmosets, macaques, and humans.

Table 1. Summary of all tested subjects
Subject ID Gender Age (year) Imaging region Data source Note

Marmoset 
(ex vivo)

M16E Female 2 Auditory cortex Acquired in this study

M31W Male 6 Whole brain Acquired in this study Array implantation before the animal was killed

MF19 Female 6 Whole brain Acquired in this study

M8E Male 4 Whole brain Acquired in this study

M101D Male 5 Whole brain Acquired in this study

M126D Female 5 Whole brain Acquired in this study

M11X Male 12 Whole brain Acquired in this study

MF52 Female 4 Whole brain Acquired in this study

MF53 Female 7 Whole brain Acquired in this study

MF33 Male 6 Whole brain Acquired in this study

Marmoset 
(in vivo)

M9E Male 5 Whole brain Acquired in this study

M40E Male 5 Whole brain Acquired in this study

M133E Male 5 Whole brain Acquired in this study

Macaque Subject 1 Male 4 Whole brain From Ambrosen et al. (36) https://www.drcmr.dk/rhesus-macaque-brain

Subject 2 Male 7 to 8 Whole brain From PRIMatE Data Exchange https://fcon_1000.projects.nitrc.org/indi/PRIME/amu.html

Subject 3 Male 7 to 8 Whole brain From PRIMatE Data Exchange https://fcon_1000.projects.nitrc.org/indi/PRIME/amu.html

Subject 4 Male 7 to 8 Whole brain From PRIMatE Data Exchange https://fcon_1000.projects.nitrc.org/indi/PRIME/amu.html

Subject 5 Female 7 to 8 Whole brain From PRIMatE Data Exchange https://fcon_1000.projects.nitrc.org/indi/PRIME/amu.html

Human Subject 1 Male 26 to 30 Whole brain From WU-Minn HCP data https://db.humanconnectome.org/app/template/Index.vm

Subject 2 Female 26 to 30 Whole brain From WU-Minn HCP data https://db.humanconnectome.org/app/template/Index.vm

Subject 3 Female 26 to 30 Whole brain From WU-Minn HCP data https://db.humanconnectome.org/app/template/Index.vm

Subject 4 Female 31 to 35 Whole brain From WU-Minn HCP data https://db.humanconnectome.org/app/template/Index.vmD
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To quantitatively compare fiber connectivity strengths along 
the auditory dorsal and ventral pathways across species, we 
sought to parcellate the auditory cortex of individual subjects 
using the same quantitative parcellation method. Five MRI con-
trasts (see Methods for details) were analyzed for each subject. 1) 
T2 (T1 in humans) refers to signal amplitudes of the T2w (T1w 
in humans) MRI images; 2) mean diffusivity (MD) measures the 
average mobility of water molecules with higher MD values indi-
cating more space between axons; 3) fractional anisotropy (FA) 
measures the degree of anisotropy that reflects fiber density and 
myelination; 4) orientation dispersion index (odi) measures the 
neurite density and neurite orientation dispersion of brain micro-
structures; 5) directionally encoded color map (DEC) represents 
fiber orientation distribution weighted principal fiber direction 
information.

These MRI contrasts were used to parcellate the auditory cortex 
individually. First, we calculated columnar anisotropy by local 

probabilistic fiber tracking to find the best fiber route from each 
voxel on the GM (gray matter) surface of the auditory cortex to the 
GM–WM (white matter) boundary with the highest connectivity 
probability. These fiber routes were defined as cortical columns 
(SI Appendix, Fig. S4, Upper Left). Second, the GM of the auditory 
cortex was divided into an upper layer part and a lower layer part 
based on the cortical columns (SI Appendix, Fig. S4, Upper Right). 
Finally, the five MRI contrasts averaged across the upper layer and 
the lower layer were used to construct the feature space (10 features 
for each cortical column, SI Appendix, Fig. S4, Lower). Unsupervised 
distance-based clustering (K-means clustering) was used to group 
the cortical columns. Fig. 1 A, Left showed a confusion matrix from 
a representative ex vivo marmoset (M16E) in which four clusters 
were observed. To determine the optimal number of clusters, we 
calculated the WCSS (within-cluster sum of square) which is the 
sum of the squared distance between each point and the centroid 
in a cluster. The WCSS values across cluster numbers were plotted 

A

B

C

D H

G

F

E

Fig.  1. Individual-based parcellation of auditory 
cortex in marmosets, macaques, and humans. 
(A–D) Left: Classification confusion matrices from a 
representative ex vivo marmoset (A), a representative 
in vivo marmoset (B), a representative macaque (C), a 
representative human (D); Upper Right: The normalized 
WCSS (within-cluster sum of square) values across 
cluster numbers; Lower Right: Comparisons between 
10-fold cross-validations and shuffled 10-fold cross-
validations (***P < 0.001; WRS-test). (E–H) Mapping the 
parcellation results onto the individual-based 3D brain 
surface for a representative ex vivo marmoset (E), a 
representative in vivo marmoset (F), a representative 
macaque (G), a representative human (H).D
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(Fig. 1 A, Upper Right showed the WCSS curve of M16E) in which 
the optimal cluster number is four. The demonstration that the 
multi-contrast MRI could be used to identify and segment different 
cortical areas was originally proposed in a previous study (37).

In addition to ex vivo marmosets, the auditory cortices of in vivo 
marmosets (Fig. 1B for a representative in vivo marmoset), 
macaques (Fig. 1C for a representative macaque), and humans 
(Fig. 1D for a representative human) were all parcellated using the 
same method. In vivo marmosets remained awake in a customized 
restraint tube (SI Appendix, Fig. S5) during the MRI scans. The 
confusion matrices and the WCSS curves all indicated that the 
optimal cluster number is four in in vivo marmoset (Fig. 1 B, Left 
and Upper Right), macaque (Fig. 1 C, Left and Upper Right), and 
human (Fig. 1 D, Left and Upper Right). All parcellation results 
were mapped onto the individual-based 3D brain surface for vis-
ualization (Fig. 1E for a representative ex vivo marmoset; Fig. 1F 
for a representative in vivo marmoset; Fig. 1G for a representative 
macaque; Fig. 1H for a representative human), the core (C), belt 
(B), and parabelt (P) sub-regions were labeled based on the ana-
tomic locations (lateral belt and medial belt were merged into belt).

We next sought to compare the MRI contrasts across the auditory 
sub-regions in the three primate species based on the parcellation 
results. There were marked differences in the five MRI contrast 
measures among auditory core, belt, and parabelt regions as shown 
in Fig. 2 A–D. Auditory core regions across the species showed low 
T2 values in marmosets and macaques (high T1 values in humans), 
low MD values, high FA values, and low odi values. In contrast, 
auditory belt regions showed high T2 values in marmosets and 
macaques (low T1 values in humans), high MD values, low FA 
values, and high odi values. In auditory parabelt regions, the upper 

layers showed low T2 values in marmosets and macaques (high T1 
values in humans), high FA values, and low odi values, whereas the 
lower layers showed low FA values and high odi values. The differ-
ences in the MRI contrasts among auditory core, belt, and parabelt 
regions are similar across the three primate species (Fig. 2 A–D). 
SI Appendix, Fig. S6 shows different fiber orientations among core 
(C), belt (LB: lateral belt; MB: medial belt) and parabelt (P) regions 
of the three species. Similar fiber orientation patterns were found 
for each auditory sub-region in all three primate species (SI Appendix, 
Fig. S6). The above findings of the auditory sub-regions are consist-
ent with the prior knowledge on these cortical regions: 1) Auditory 
core regions have the highest myelination structures and the pre-
dominant connections with the auditory thalamus (26, 27, 38, 39), 
2) auditory belt regions have diverse connections to both core and 
parabelt regions, and 3) auditory parabelt regions have the predom-
inant connections to the frontal cortex (26, 40–42).

One advantage of this parcellation method is the invariance 
to brain distortions. SI Appendix, Fig. S7 showed the parcella-
tion results from an example ex vivo marmoset in which brain 
distortion was seen on the right hemisphere due to electrode 
array implantation (SI Appendix, Fig. S7A). The confusion 
matrix (SI Appendix, Fig. S7 B, Left) and the WCSS curve 
(SI Appendix, Fig. S7 B, Upper Right) both showed that four 
clusters are optimal. MRI contrasts (SI Appendix, Fig. S7E) and 
fiber orientations (SI Appendix, Fig. S7F) showed similar pat-
terns as normal ex vivo and in vivo marmosets (Fig. 2 and 
SI Appendix, Fig. S6). These results suggest auditory cortices of 
marmosets, macaques, and humans share similar microstruc-
tures and can be parcellated into comparable core, belt (includ-
ing lateral belt and medial belt), and parabelt regions. The 

A

B
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D

E

F

G

H

Fig. 2. MRI contracts and fiber connectiv-
ity among auditory sub-regions in marmo-
sets, macaques, and humans. (A–D) Five 
MRI contrasts (T2/T1, MD, FA, odi, and 
DEC) in a representative ex vivo marmo-
set (A), a representative in vivo marmoset 
(B), a representative macaque (C), and a 
representative human (D). (E–H) Connec-
tivity between the parcellated auditory 
sub-regions (C: core; B: belt; P: parabelt) 
in both hemispheres for a representative 
ex  vivo marmoset (E), a representative 
in  vivo marmoset (F), a representative 
macaque (G), a representative human (H) 
(***P < 0.001; WRS-test).D
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invariance of the parcellation method to brain distortions high-
lights the importance of remapping the anatomical brain con-
nectivity following the surgical implant of chambers for 
electrophysiological recordings or optical imaging windows.

Validation of the Parcellation Results. The parcellation results 
were validated in three aspects. First, a 10-fold cross-validation 
was performed to check the robustness of the parcellation results. 
A support vector machine (SVM) was used to train the model 
and compute the misclassification rate. The original error rate was 
computed by averaging the misclassification rates. In addition, to 
compute a null distribution of the misclassification rates, 10-fold 
cross-validations were performed on the same dataset by shuffling 
the corresponding labels. The distribution of shuffled error rates was 
computed by shuffling the labels 1,000 times. The original error 
rates were significantly lower than the shuffled error rates (Wilcoxon 
rank-sum test: WRS-test, P < 0.001) in ex vivo marmoset (Fig. 1 A, 
Lower Right), in vivo marmoset (Fig. 1 B, Lower Right), macaque 
(Fig. 1 C, Lower Right), and human (Fig. 1 D, Lower Right).

Second, based on the prior knowledge that auditory belt regions 
have reciprocal connections with auditory core and parabelt regions 
whereas auditory core and parabelt regions have fewer connections 
(27, 40), we sought to compare the connectivity between the parcel-
lated sub-regions. Probabilistic fiber tracking was performed for each 
subject. Voxel-voxel fiber count was defined as the connected fiber 
number between a given voxel in one sub-region and a given voxel 
in another sub-region. Reciprocal connections between core and belt 
regions were found to be significantly higher than the reciprocal con-
nections between core and parabelt regions, and reciprocal connec-
tions between belt and parabelt regions were also significantly higher 
than the reciprocal connections between core and parabelt regions 
(WRS-test, P < 0.001). These connectivity patterns were seen for 
both hemispheres in ex vivo marmoset (Fig. 2E), in vivo marmoset 
(Fig. 2F), macaque (Fig. 2G), and human (Fig. 2H), suggesting that 
consistent connectivity patterns for all three primate species were 
evident between our parcellations and the results from previous 
studies.

Finally, our parcellation results were compared with existing brain 
atlases. For marmosets, the Nencki-Monash (NM) template (43) and 
the NIH-MBA v1.1 (NIH) template (37) were registered to the T2w 
images of marmosets using affine transformations. The inconsistency 
rate was calculated as the percentage of inconsistent voxels across the 
total number of voxels between our parcellation results and the atlases. 
The registration results for one of the ex vivo marmosets (M31W) 
are shown in SI Appendix, Fig. S8. In general, the left hemisphere 
showed consistent parcellation results using our method and the two 
atlases, whereas parcellations using our method are much better than 
those of the two atlases in the right hemisphere due to the distortion 
on this side (SI Appendix, Fig. S8A). Inconsistency rates between our 
parcellations and the two atlases were similar to the benchmark rate 
measured between the two atlases in the left hemisphere but were 
higher than the benchmark rate in the right hemisphere (SI Appendix, 
Fig. S8B). Additionally, connectivity across the parcellated sub-regions 
showed similar patterns between our parcellations and the two atlases 
in the left hemisphere, whereas significant differences were observed 
in the right hemisphere in which the connections between belt and 
parabelt regions were not significantly different from the connections 
between core and parabelt regions (SI Appendix, Fig. S8C). For 
macaque, the D99 macaque template (44) was registered to the T2w 
images of macaque. As shown in SI Appendix, Fig. S9, similar par-
cellation results were observed using our method and the atlas.

Together, these validation results suggest that the parcellations 
using MRI contrasts are robust and valid for all three primate species 
tested. In addition, our parcellations showed better performance for 

distorted brains compared with the atlases, which indicates that our 
method takes individual differences into consideration. So it is vital 
to redo individual-based parcellations rather than rely on applying 
templates for brains with distortions. Furthermore, the brain distor-
tions may also cause everlasting topographic changes to the cortex 
and affect local connectivity.

Connectivity of Auditory Cortex along Dorsal and Ventral Pathways 
in Marmosets, Macaques, and Humans. After parcellating the 
auditory cortex into core, belt, and parabelt sub-regions, we sought 
to compare the connectivity strengths of these sub-regions along the 
dorsal and ventral pathways. Whole-brain probabilistic fiber trackings 
were performed with the auditory sub-regions used as seed regions. 
Dorsal pathway, ventral pathway, and connections to the parietal 
cortex were observed in ex vivo marmosets (Fig. 3A and SI Appendix, 
Fig. S10), in vivo marmosets (Fig. 3B and SI Appendix, Fig. S11), 
macaques (Fig. 3C and SI Appendix, Fig. S11), and humans (Fig. 3D 
and SI Appendix, Fig. S11). To quantify the connectivity strength, 
we defined the dorsal, ventral, and parietal waypoints as target ROIs 
(regions of interest) based on the probabilistic tracking results in 
each subject. Fiber count was defined as the connected fiber number 
between the seed region and a given voxel in the target region and 
was averaged across all voxels in the target region.

For the dorsal pathway, in ex vivo marmosets, connectivity from 
core and belt to dorsal target ROIs was significantly stronger than 
connectivity from parabelt (Fig. 3E; paired t test across subjects,  
P < 0.05). In in vivo marmosets, connectivity from belt to dorsal 
target ROIs was significantly stronger than connectivity from core 
and parabelt (Fig. 3F; paired t test across subjects, P < 0.05). In 
macaques, connectivity from core and belt to dorsal target ROIs was 
significantly stronger than connectivity from parabelt (Fig. 3G; paired 
t test across subjects, P < 0.05). In humans, connectivity from parabelt 
to dorsal target ROIs was significantly stronger than connectivity from 
core and belt (Fig. 3H; paired t test across subjects, P < 0.05). In 
addition, all connections to the dorsal target ROIs were found from 
ipsilateral auditory sub-regions (i.e., left auditory sub-regions connect 
to left dorsal target ROIs, while right auditory sub-regions connect 
to right dorsal target ROIs). The results, which show that the strongest 
connectivity to dorsal target ROIs was from belt in ex vivo marmosets, 
in vivo marmosets, and macaques, while the strongest connectivity 
was from parabelt in humans, suggest the connectivity along the dorsal 
pathway extended to more lateral regions of the auditory cortex 
(higher-level auditory cortex) during primate evolution.

For the ventral pathway, connectivity from parabelt to ventral 
target ROIs was significantly stronger than connectivity from core 
and belt in ex vivo marmosets (Fig. 3I; paired t test across subjects, 
P < 0.05), in vivo marmosets (Fig. 3J; paired t test across subjects,  
P < 0.05), macaques (Fig. 3K; paired t test across subjects, P < 0.05), 
and humans (Fig. 3L; paired t test across subjects, P < 0.05), suggest-
ing the connectivity along the ventral pathway is conserved during 
the evolution in primates. Additionally, all connections to the ventral 
target ROIs were found from ipsilateral auditory sub-regions as well.

For the connections to the parietal cortex, similar connectivity 
patterns as the dorsal pathways were found in ex vivo marmosets 
(Fig. 3M; paired t test across subjects, P < 0.05), in vivo marmosets 
(Fig. 3N; paired t test across subjects, P < 0.05), and humans 
(Fig. 3P; paired t test across subjects, P < 0.05). In macaques, 
connectivity from belt and parabelt to parietal target ROIs was 
significantly stronger than connectivity from core (Fig. 3O; paired 
t test across subjects, P < 0.05). Overall, these results suggest the 
connections to the parietal cortex also extend to more lateral 
regions of the auditory cortex during the evolution of primates.

Moreover, by comparing the connectivity strengths among 
marmosets, macaques, and humans along the dorsal and ventral D
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pathways (Fig. 3), we found that connectivity strengths in 
macaques along the dorsal pathway (Fig. 3G) and to the parietal 
cortex (Fig. 3O) are much lower than those of marmosets and 
humans (~100 times lower, Fig. 3 E, F, H, M, N, and P), whereas 
the connectivity strengths of marmosets along the dorsal pathway 
and to the parietal cortex are more similar to those in humans. In 
addition, the connectivity strengths along the ventral pathway are 
similar across all three primate species (Fig. 3 I–L). These results 
suggest that compared with macaques, the auditory dorsal path-
ways of marmosets are more similar to those of humans.

To further explore the connectivity patterns of the auditory cortex 
along dorsal and ventral pathways, the auditory cortex was divided 
into a rostral part and a caudal part in ex vivo marmosets (Fig. 4A 
for a representative ex vivo marmoset), in vivo marmosets (Fig. 4B 
for a representative in vivo marmoset), macaques (Fig. 4C for a rep-
resentative macaque), and humans (Fig. 4D for a representative 
human). Connectivity strengths along dorsal and ventral pathways 
were then compared between the rostral part and the caudal part. 
For the dorsal pathway, connectivity from the caudal part was sig-
nificantly stronger than connectivity from the rostral part in ex vivo 
marmosets (Fig. 4E; paired t test across subjects, P < 0.05), in vivo 
marmosets (Fig. 4F; paired t test across subjects, P < 0.05), macaques 
(Fig. 4G; paired t test across subjects, P < 0.05), and humans 
(Fig. 4H; paired t test across subjects, P < 0.05). For the ventral 
pathway, opposite connectivity patterns were observed as compared 
with the dorsal pathway, that connectivity from the rostral part was 
significantly stronger than connectivity from the caudal part in 
ex vivo marmosets (Fig. 4I; paired t test across subjects, P < 0.05), 
in vivo marmosets (Fig. 4J; paired t test across subjects, P < 0.05), 
macaques (Fig. 4K; paired t test across subjects, P < 0.05), and 
humans (Fig. 4L; paired t test across subjects, P < 0.05). While for 
the connections to the parietal cortex, similar connectivity patterns 
were observed as the dorsal pathway, that connectivity from the 
caudal part was significantly stronger than connectivity from the 
rostral part in ex vivo marmosets (Fig. 4M; paired t test across 

subjects, P < 0.05), in vivo marmosets (Fig. 4N; paired t test across 
subjects, P < 0.05), macaques (Fig. 4O; paired t test across subjects, 
P < 0.05), and humans (Fig. 4P; paired t test across subjects,  
P < 0.05). These results suggest that the dorsal pathway and the 
connections to the parietal cortex originate from the caudal part of 
the auditory cortex, while the ventral pathway originates from the 
rostral part of the auditory cortex, indicating the existence of two 
separate fiber pathways from the auditory cortex in the three primate 
species.

Comparisons across Species for Human-Specific Specializations. 
To further demonstrate the human-specific specializations of the 
dorsal and ventral pathways, we made comparisons across the 
three species in four aspects. First, the relative sizes of core, belt, 
and parabelt regions were compared across species (Fig. 5A). In 
ex vivo and in vivo marmosets, belt regions occupied significantly 
larger areas than core and parabelt regions in both hemispheres 
(paired t test across subjects, P < 0.05). In macaques and humans, 
parabelt regions occupied significantly larger areas than core and 
belt regions in both hemispheres (paired t test across subjects,  
P < 0.05). These results demonstrated the expansion of higher-
level auditory regions (parabelt regions) from marmosets, to 
macaques, and then humans.

Second, the connectivity strengths along the dorsal and ventral 
pathways were compared between hemispheres in the three pri-
mate species (Fig. 5B). For connectivity along the dorsal pathway, 
no significant differences were observed between hemispheres in 
ex vivo marmosets, in vivo marmosets, and macaques (paired  
t test across subjects, P > 0.05). While in humans, connectivity in 
the left hemisphere was significantly stronger than that in the right 
hemisphere (paired t test across subjects, P < 0.05; Fig. 5 B, Left). 
For connectivity along the ventral pathway, no significant differ-
ences were observed between hemispheres in ex vivo marmosets, 
in vivo marmosets, macaques, and humans (paired t test across 
subjects, P > 0.05; Fig. 5 B, Middle). Similarly, for connectivity 
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Fig. 3. Probabilistic tractography of auditory dorsal and ventral pathways in marmosets, macaques, and humans. (A–D) Probabilistic tractography showing 
the dorsal pathway, ventral pathway, and connections to the parietal cortex in a representative ex vivo marmoset (A, MF52), a representative in vivo marmoset  
(B, M40E), a representative macaque (C, Subject 1), and a representative human (D, Subject 4). (E–H) Connectivity strength from the parcellated auditory sub-
regions to frontal cortex through the dorsal pathway in ex vivo marmosets (E), in vivo marmosets (F), macaques (G), and humans (H). (I–L) Connectivity strength 
from the parcellated auditory sub-regions to frontal cortex through the ventral pathway in ex vivo marmosets (I), in vivo marmosets (J), macaques (K), and humans 
(L). (M–P) Connectivity strength from the parcellated auditory sub-regions to the parietal cortex in ex vivo marmosets (M), in vivo marmosets (N), macaques (O), 
and humans (P). L-C: left core regions; L-B: left belt regions; L-P: left parabelt regions; R-C: right core regions; R-B: right belt regions; R-P: right parabelt regions; 
L-dorsal: left dorsal target ROIs; R-dorsal: right dorsal target ROIs; L-ventral: left ventral target ROIs; R-ventral: right ventral target ROIs; L-parietal: left parietal 
target ROIs; R-parietal: right parietal target ROIs; dot lines represent each subject; *P < 0.05, paired t test across subjects.
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to the parietal cortex, no significant differences were observed 
between hemispheres in ex vivo marmosets, in vivo marmosets, 
and macaques (paired t test across subjects, P > 0.05; Fig. 5 B, 
Right), while in humans, the connectivity in the left hemisphere 
was slightly stronger than that in the right hemisphere (paired t 
test across subjects, P < 0.05; Fig. 5 B, Right). These results suggest 
that the dorsal pathway is left dominated in humans but not in 
marmosets and macaques, while the ventral pathway is equally 
distributed in both hemispheres of all three primate species.

Third, based on the results that the connectivity along the dorsal 
pathway extends to more lateral regions of the auditory cortex in 
humans as compared with marmosets and the macaque (Fig. 3 
E–H), we sought to compare the connectivity of the middle temporal 
region (MTR): including the superior temporal sulcus and middle 
temporal gyrus) with those of the parcellated auditory sub-regions 
along the dorsal and ventral pathways in humans. MTR is lateral to 
the parabelt region and is known for processing lexical and syntactic 
information in human language (5, 45–48). The MTR ROI was 
defined based on the anatomic location of each human subject 
(Fig. 5C). For the dorsal pathway, comparable connectivity strength 
was observed between parabelt and MTR in both hemispheres 
(Fig. 5 D, Left). For the ventral pathway, the connectivity from MTR 
was the lowest and was significantly lower than that from the parabelt 
region in both hemispheres (Fig. 5 D, Middle; paired t test across 
subjects, P < 0.05). Similarly, for the connections to the parietal 
cortex, the connectivity from MTR was the lowest and was also 
significantly lower than that from the parabelt region in both hem-
ispheres (Fig. 5 D, Right; paired t test across subjects, P < 0.05). These 
results suggest that the termination areas of the dorsal pathway in 
the temporal cortex extend to MTRs in humans, while no corre-
sponding areas to MTRs are found in marmosets and macaques. 
These extensions are not observed in the ventral pathway and the 
connections to the parietal cortex in humans, which are similar to 
marmosets and macaques.

Finally, the connectivity strength was compared between the ante-
rior temporal lobe (ATL) and the parcellated auditory sub-regions 
along the dorsal and ventral pathways in all three primate species. 
ATL is a hub for semantic processing of speech and language in 
humans (49–51), moreover, vocalization-specific areas were found 
in ATL in marmosets (52) and macaques (53). The ATL ROI was 
defined based on the anatomic location of each subject (Fig. 6 A–D). 
For the dorsal pathway, the connectivity from ATL was the lowest 
and significantly lower than that from core and belt regions in ex vivo 
marmosets (Fig. 6E; paired t test across subjects, P < 0.05), was the 
lowest and significantly lower than that from belt region in in vivo 
marmosets (Fig. 6F; paired t test across subjects, P < 0.05) and 
macaques (Fig. 6G; paired t test across subjects, P < 0.05), and was 
significantly lower than that from the parabelt region in humans 
(Fig. 6H; paired t test across subjects, P < 0.05). For the ventral path-
way, the connectivity from ATL was the highest in all species (Fig. 6 
I–L) with significant differences observed between ATL with core 
and belt regions in ex vivo (Fig. 6I; paired t test across subjects,  
P < 0.05) and in vivo marmosets (Fig. 6J; paired t test across subjects,  
P < 0.05), and with significant differences observed between ATL 
and all parcellated auditory sub-regions (core, belt, and parabelt) in 
macaques (Fig. 6K; paired t test across subjects, P < 0.05) and humans 
(Fig. 6L; paired t test across subjects, P < 0.05). Similar to the dorsal 
pathway, in ex vivo marmosets, the connectivity to the parietal cortex 
from ATL was the lowest and significantly lower than that from core 
and belt regions (Fig. 6M; paired t test across subjects, P < 0.05); in 
in vivo marmosets, the connectivity to the parietal cortex from ATL 
was the lowest and significantly lower than that from belt region 
(Fig. 6N; paired t test across subjects, P < 0.05); in macaques, the 
connectivity to the parietal cortex from ATL was significantly lower 
than that from belt and parabelt regions (Fig. 6O; paired t test across 
subjects, P < 0.05); and in humans, the connectivity to the parietal 
cortex from ATL was significantly lower than that from the parabelt 
region (Fig. 6P; paired t test across subjects, P < 0.05). These results 
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Fig. 4. Differences of connectivity for rostral and caudal parts of the auditory cortex. (A–D) Demonstrations of dividing the auditory cortex into a rostral part 
and a caudal part in a representative ex vivo marmoset (A, M31W), a representative in vivo marmoset (B, M40E), a representative macaque (C, Subject 1), and a 
representative human (D, Subject 1). (E–H) Connectivity strength from the rostral and caudal auditory cortex to frontal cortex through the dorsal pathway in both 
hemispheres of ex vivo marmosets (E), in vivo marmosets (F), macaques (G), and humans (H). (I–L) Connectivity strength from the rostral and caudal auditory 
cortex to frontal cortex through the ventral pathway in both hemispheres of ex vivo marmosets (I), in vivo marmosets (J), macaques (K), and humans (L). (M–P) 
Connectivity strength from the rostral and caudal auditory cortex to the parietal cortex in both hemispheres of ex vivo marmosets (M), in vivo marmosets (N), 
macaques (O), and humans (P). Dots represent each subject. *P < 0.05, paired t test across subjects.
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demonstrated that ATL connects to the frontal cortex through the 
auditory ventral pathway in all three primate species, suggesting the 
ATL connections to frontal cortex were highly conserved in primates. 
In addition, the connectivity strengths from ATL through the ventral 
pathway are significantly stronger than those from parabelt in 
macaques and humans but not in marmosets, suggesting connectivity 
patterns of the ventral pathway in macaques are more like those in 
humans than those in marmosets, indicating that macaques have a 
more similar ventral pathway as humans than marmosets. 
Furthermore, connectivity strengths from ATL through the ventral 
pathway in humans are much stronger than those from the parcel-
lated auditory sub-regions (four times stronger in the left hemisphere 
and three times stronger in the right hemisphere. Fig. 6L). This is a 
sharp contrast compared with marmosets and macaques, suggesting 
the termination areas of the auditory ventral pathway in the temporal 
cortex extend to more anterior regions which are beyond the auditory 
cortex in humans as compared with marmosets and macaques.

Discussion

Comparative analysis can help elucidate what is unique in humans 
and what is conserved across species. In the current study, we pro-
vided evidence to suggest evolutionary continuity in the auditory 
dorsal and ventral pathways between a New World monkey, an Old 
World monkey and human. Our results showed several similarities 
among the three analyzed primate species: 1) Similar MRI contrasts 
of the auditory cortex were found in marmosets, macaques, and 
humans, which can be used for quantitative parcellation (Fig. 2). 
2) Homologous white matter tracts for auditory dorsal and ventral 
pathways were found in marmosets, macaques, and humans 
(SI Appendix, Figs. S1–S3). 3) In all three primate species, the frontal 
cortex has stronger connections to the caudal part of the auditory 
cortex through the dorsal pathway and stronger connections to the 
rostral part of the auditory cortex through the ventral pathway 
(Fig. 4). 4) The anterior temporal lobe connects to the frontal cortex 
through the ventral pathway in all three primate species (Fig. 6).

Our results also showed divergence in the auditory dorsal and 
ventral pathways among the three analyzed primate species: 1) 
Compared with marmosets and macaques, higher-level auditory 
regions in humans (parabelt) occupy a larger area of the auditory 
cortex (Fig. 5A). 2) In humans, the termination areas of the dorsal 
pathway on the temporal lobe extend to higher-level auditory regions 
(parabelt) and further to the middle temporal regions, whereas the 
termination areas of dorsal pathways in marmosets and macaques 
are restricted to lower-level auditory regions (core and belt; Figs. 3 
and 5D). 3) Left lateralization of the auditory dorsal pathway was 
found in humans, but not in marmosets and macaques (Fig. 5B). 4) 
In humans, the termination areas of the ventral pathway in the tem-
poral cortex extend to more anterior regions beyond the auditory 
cortex as compared with marmosets and macaques (Fig. 6).

Diffusion MRI calculates direct fiber pathways linking different 
brain regions, but it does not provide information about the direc-
tions or causalities of the connections. Modern effective connectiv-
ity is measured in a very different way. Modern effective connectivity 
measurements, including using a Hopf algorithm and fMRI with 
electric stimulation, are the ways to measure the causal connectivity 
between different brain areas with directional information (54–56). 
In humans, results of modern effective connectivity showed the 
connections to the inferior frontal gyrus (IFG) are from the 
higher-level auditory cortex beyond the parabelt regions (56). Our 
results that the dorsal pathway in humans extends to regions lateral 
to parabelt regions and the ventral pathway in humans extends to 
the regions anterior to parabelt regions are consistent with the pre-
vious findings using effective connectivity, suggesting the diffusion 
MRI results can provide indications for the effective connectivity 
of the auditory dorsal and ventral pathways.

Language is one of the most distinctive attributes of humans. 
The findings of homologous white matter tracts for auditory dorsal 
and ventral pathways in marmosets, macaques, and humans provide 
the anatomical basis for flexibility and plasticity in vocal produc-
tion. Previous studies have shown that marmosets and macaques 
can alter the amplitude and other aspects of their vocalizations in 

D

A

B

C

Fig.  5. Comparisons of auditory dorsal 
and ventral pathways in marmosets, ma-
caques, and humans. (A) Comparisons of 
the relative sizes of core, belt, and para-
belt regions in both hemispheres across 
all three primate species. (B) Compari-
sons of connectivity strength between 
hemispheres for dorsal pathway (Left), 
ventral pathway (Middle), and connec-
tions to the parietal cortex (Right) across 
all three primate species (*P < 0.05; n.s.: 
not significant; paired t test across sub-
jects). (C) Demonstration of the location of 
MTR (middle temporal region) ROI in the 
human brain (human subject 3). (D) Com-
parisons of connectivity strength between 
MTR and the parcellated auditory sub-
regions through the dorsal pathway (Left), 
the ventral pathway (Middle), and to the 
parietal cortex (Right) in both hemispheres 
of humans. Dots represent each subject. 
*P < 0.05; n.s.: not significant; paired t test 
across subjects.
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the presence of background noises (57–59) (Lombard effect) or 
interfering noises (60, 61), suggesting the ability of vocal control 
in non-human primates. However, while non-human primate spe-
cies including marmosets and macaques can communicate through 
species-specific vocalizations, they do not have the syntax-like abil-
ities to combine symbols according to a defined set of rules to 
generate phrases with a variety of meanings (9, 62). The capacity 
of humans in language is likely supported by human-specific spe-
cializations in the brain. In the current study, first we found the 
expansion of higher-level auditory regions (parabelt) in humans 
compared with marmosets and macaques, suggesting more resources 
for higher-level auditory processing in humans. Previous studies 
have shown that compared with the primary sensory cortex, the 
association cortex has expanded greater in size and exhibits more 
diverse connectivity patterns in humans than in non-human pri-
mates, providing the anatomical basis for more complex cognitive 
and behavioral functions in humans (63–66). Second, consistent 
with the previous findings (7, 12, 14), we found that the termina-
tions of the dorsal pathway in the temporal cortex are located in 
higher-level auditory regions which extend to the middle temporal 
region in humans, which has been shown to support lexical-semantic, 
syntactic, and prosodic processes (5, 45–48). The connections from 
the middle temporal region to the frontal cortex via the dorsal 
pathway might be important for carrying lexical-semantic and syn-
tactic information during speech production since the dorsal path-
way in humans is proposed for auditory-motor integration (5). 
Last, the terminations of the ventral pathway in the temporal cortex 
were found to extend to the anterior temporal lobe in humans, 
which is found to be involved in semantic and identity processing 
(49–51). The connections from the anterior temporal lobe to the 
frontal cortex via the ventral pathway are important for speech and 
language comprehension (5). These human-specific specializations 
described above may serve as the foundations for supporting the 
uniqueness of human speech and language.

Previous studies have demonstrated the left lateralization for 
speech and language processing in humans (5, 67, 68). In the cur-
rent study, we found left lateralization of the auditory dorsal path-
way but not the auditory ventral pathway in humans, which is 
consistent with the proposed dual-processing streams for speech 
processing (5). There are two models proposed to explain the origin 
of lateralization. One model proposes that the lateralization is due 

to differences in what kinds of information are processed between 
the different hemispheres, with the left hemisphere processing tem-
poral information and the right hemisphere processing spectral 
information (69, 70). The other model proposes that lateralization 
derives from the differences in what information is stored in the 
different hemispheres, with the left hemisphere storing lexical infor-
mation and the right hemisphere storing affective prosodic infor-
mation (5). Moreover, no lateralization was observed in marmosets 
and macaques. A hypothesis has been proposed to explain the dif-
ferences in brain asymmetry between humans and non-human 
primates. This hypothesis claims that brain size expansion during 
evolution increased the time for neuron signal transmission, result-
ing in decreased interhemispheric connectivity and increased intra-
hemispheric connectivity. Therefore, more cortical neurons with 
similar characteristics are located in one hemisphere than the other, 
which led to the asymmetries in brain functions (71–73). The lat-
eralized frameworks in humans provide the increased computational 
capacity for processing speech and language and may play a facili-
tating role in the human cognitive and behavioral specializations.

Comparing marmosets with macaques, we found that the con-
nectivity strengths of the dorsal pathways in marmosets are similar 
to those in humans, but much stronger than those in macaques, 
while the connectivity strengths of ventral pathways are similar 
among all three primate species. In humans, auditory dorsal stream 
supports an interface with the motor system, which suggests an 
auditory-motor integration function (5, 6). In non-human primates, 
the earliest proposals argued for a “where” function for the auditory 
dorsal pathway (1–3). More recently, people speculate that this audi-
tory dorsal stream is involved in not just spatial processing in the 
classical sense but also sensorimotor control and vocal production 
(14, 74, 75). Previous studies have shown functional differences 
between marmosets and macaques in vocal communication and 
auditory perception. Macaque vocalization is generally spontaneous 
utterances related to its emotional states (76). It is difficult for 
macaques to generate vocalizations and suppress their spontaneous 
calls in a laboratory setting (77, 78). In sharp contrast, marmosets 
readily vocalize in laboratory settings and can take turns back  
and forth to exchange their vocalizations with conspecifics (antiph-
onal calling) just as in human conversations (79–82). A recent 
study showed that marmosets perceive their species-specific 
vocalizations in a manner similar to how humans perceive speech 

A B C D

E F G H

I J K L

PONM

Fig.  6. Comparisons of ATL connectivity 
in marmosets, macaques, and humans. 
(A–D) Demonstration of the locations of 
ATL (anterior temporal lobe) ROIs in a rep-
resentative ex vivo marmoset (A, M31W), a 
representative in vivo marmoset (B, M40E), 
a representative macaque (C, Subject 1), 
and a representative human (D, Subject 3). 
(E–H) Comparisons of connectivity strength 
between ATL and the parcellated auditory 
sub-regions through the dorsal pathway 
in both hemispheres of ex  vivo marmo-
sets (E), in vivo marmosets (F), macaques 
(G), and humans (H). (I–L) Comparisons of 
connectivity strength between ATL and the 
parcellated auditory sub-regions through 
the ventral pathway in both hemispheres 
of ex vivo marmosets (I), in  vivo marmo-
sets (J), macaques (K), and humans (L). (M–P) 
Comparisons of connectivity strength be-
tween ATL and the parcellated auditory 
sub-regions to the parietal cortex in both 
hemispheres of ex  vivo marmosets (M), 
in vivo marmosets (N), macaques (O), and 
humans (P). Dots represent each subject.*P 
< 0.05; n.s.: not significant; paired t test 
across subjects.
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(83). Furthermore, marmosets can voluntarily control the amplitude 
(58), timing (58, 80), duration (58), and pitch (84) of their vocali-
zations. Marmosets and macaques are also different in their pitch 
perception abilities. Humans have specialized cortical regions (pitch 
regions) with enhanced responses to harmonic tones versus noises 
to support pitch perception (85–87). In marmosets, a putative cor-
tical pitch center was found located in the anterolateral low-frequency 
border of the primary auditory cortex (88). Moreover, human-like 
pitch perception also exists in marmosets (89). However, no regions 
with response preferences for harmonic tones versus noises were found 
in macaques (90). Furthermore, compared with macaques, expansion 
of the descending output from premotor areas was found in marmo-
sets, which may in part explain the enhanced vocal motor skills of 
marmosets (91). Overall, marmosets demonstrate more similarities 
to humans than macaques in above mentioned aspects, although 
marmosets and macaques separated on the evolutionary tree at around 
40 Mya (28), suggesting the dorsal–ventral dual streams have origi-
nated before the lineages of marmosets diverged, and these streams 
in marmosets continue to evolve in a direction that is closer to humans 
than to macaques after the marmoset lineage diverged.

Methods

Ten ex vivo marmosets, three in vivo marmosets, five macaques, and four humans 
(Table 1) were used in the current study. All procedures conformed to local and US 
NIH guidelines. All experiments were performed with the approval of the Johns 
Hopkins University Animal Use and Care Committee.

MRI Data Acquisitions.
Marmoset (ex vivo). Marmoset ex vivo MRI data were acquired on an 11.7T (Bruker 
Biospin) MRI platform running Paravision 6.0.1 with an 8-channel surface coil. The 
marmoset brains were immersed in a 1:200 dilution of a 0.5 mmol/mL gadolinium 
MR contrast agent (Gadoteridol, Bracco Diagnostics Inc.) mixed with phosphate 
buffer saline (PBS) solution for 7 d before imaging to reduce the T1 relaxation 
time (37, 92). Multi-modal MRI data were collected for each subject, including 
T2-weighted (T2w) images, and multi-shell diffusion MRI. The T2w images were 
acquired using a 3D FLASH sequence with the following parameters: TE = 3.5 ms, 
TR = 25 ms, flip angle = 20°, matrix size = 193 × 202 × 234, resolution = 0.15-
mm isotropic, number of average = 4. The multi-shell diffusion MRI (dMRI) was 
collected with a 3D diffusion-weighted (DW) echo-planar imaging (EPI) sequence 
with the following parameters: TE = 25 ms, TR = 200 ms, flip angle = 90°, matrix 
size = 193 × 202 × 234, resolution = 0.15 mm isotropic, 3 shells (b = 1,000, 
3,000, 5,000 s/mm2) were acquired with 5 b = 0 images and 40 directions per shell.
Marmoset (in vivo). Marmoset in vivo MRI data were acquired on an 11.7 T (Bruker 
Biospin) MRI platform running Paravision 6.0.1 with a volume coil. The marmosets 
were trained to sit in a customized restraint tube (SI Appendix, Fig. S5) with heads 
fixed in the sphinx position. The training sessions lasted 2 wk. The marmosets 
remained awake during the MRI scans. Before scanning, 0.1 mL/kg cerenia (10 
mg/mL maropitant antiemetic; Zoetis Petcare) was subcutaneously injected to the 
marmosets. During scanning, the bedding temperature was fixed at 30 to 35 °C. 
Multi-modal MRI data were collected from each subject, including T2w images, and 
multi-shell dMRI. The T2w images were acquired using a T2 TurboRARE sequence 
with the following parameters: TE = 21.4 ms, TR = 9,060 ms, flip angle = 90°, 
matrix size = 167 × 120, number of slice = 128, resolution = 0.3 mm × 0.3 mm 
× 0.3 mm, number of average = 5. The multi-shell dMRI was collected with a 
diffusion-weighted (DW) EPI sequence with the following parameters: TE = 16.2 
ms, TR = 1,100 ms, flip angle = 65°, matrix size = 125 × 90, number of slice = 48, 
resolution = 0.4 mm × 0.4 mm × 0.8 mm, 2 shells (b = 500, 1,000 s/mm2) were 
acquired with 5 b = 0 images and 42 directions per shell. All scans were acquired 
with right-to-left and left-to-right phase encoding polarities once, respectively.
Macaque. Macaque MRI data were downloaded from public datasets (36) (one 
is from https://www.drcmr.dk/rhesus-macaque-brain and the other four are from 
https://fcon_1000.projects.nitrc.org/indi/PRIME/amu.html). These are the macaque 
datasets we found with the highest resolution of multi-shell dMRI data. The one 
macaque brain was scanned on an experimental 4.7T Agilent scanner with a quadra-
ture volume RF coil and a maximum gradient strength of 600 MT/m. The multi-shell 

dMRI was collected with a pulsed gradient spin-echo sequence with the following 
parameters: TE = 30 ms, matrix size = 128 × 256, number of slice = 91, resolu-
tion = 0.5 mm isotropic, 3 shells (b = 1,477, 4,102, 8,040 s/mm2) were acquired 
by varying the gradient strength, G = [150, 250, 350] mT/m, TR = [8,000, 7,900, 
8,600] ms. 3 b = 0 images and 180 directions per shell were acquired. The T2w 
images were acquired by averaging the b = 0 images. The other four macaques 
brains were scanned on a Siemens Prisma 3T scanner with a body transmit array 
and 11-cm loop receiving coil. The multi-shell dMRI was collected with a spin-
echo EPI sequence with the following parameters: TE = 87.6 ms, TR = 7,520 ms, 
resolution = 1 mm isotropic, 2 shells (b = 300, 1,000 s/mm2) were acquired with 
5 b = 0 images. All scans were acquired twice with reversed phase encoding direc-
tions. The T2w images were acquired with a 3D SPACE sequence with a resolution 
of 0.8 mm isotropic.
Human. Four human subjects between 26 and 35 y old were randomly selected 
from WU-Minn Human Connectome Project (HCP) data (93) (https://db.humancon-
nectome.org/app/template/Index.vm). All subjects were scanned on a customized 
Siemens 3T “Connectome Skyra,” using a standard 32-channel Siemens receive 
head coil and a “body” transmission coil designed by Siemens. T1 weighted (T1w) 
images were acquired using a 3D MRRAGE sequence with the following parameters: 
TE = 2.14 ms, TR = 2,400 ms, angle = 8°, resolution = 0.7 mm isotropic. The multi-
shell dMRI was collected with a spin-echo EPI sequence with the following parameters: 
TE = 89.5 ms, TR = 5,520 ms, flip angle = 78°, matrix size = 168 × 144, number of 
slice = 111, resolution = 1.25 mm isotropic, 3 shells (b = 1,000, 2,000, 3,000 s/mm2) 
were acquired with 6 b = 0 images and 90 directions per shell. All scans were acquired 
with right-to-left and left-to-right phase encoding polarities once, respectively.

MRI Data Analysis.
dMRI data preprocessing and MRI contrasts. The dMRI data of marmosets 
and macaque were denoised using the dwidenoise function implemented in 
MRtrix3 (94) and eddy current corrected using the eddy_correct function of FSL 
(95). The in vivo marmoset dMRI data were also preprocessed using DR-BUDDI 
of TORTOISE (96) to correct EPI distortion using two datasets with opposite phase 
encoding directions. The dMRI data of humans were already preprocessed with 
the HCP processing pipeline.

The preprocessed data were fitted with the diffusion tensor imaging (DTI) 
model using the DTIFIT of FSL, the multi-shell multi-tissue constrained spheri-
cal deconvolution (for reconstructing the fiber pattern of each voxel) by MRtrix3 
(97), and the neurite orientation dispersion and density model (98) (NODDI) 
using NODDI MATLAB toolbox (https://mig.cs.ucl.ac.uk/index.php?n=Tuto-
rial.NODDImatlab). These fittings generated multiple MRI contrasts including 
fractional anisotropy (FA), mean diffusivity (MD), fiber orientation distribution 
weighted principal fiber direction information (37) (directionally encoded color 
map, DEC), and orientation dispersion index (odi). These MRI contrasts provided 
alternative structural features that complemented the T1w and T2w images.
Deterministic fiber tracking. Deterministic fiber tracking was performed using 
DSI-Studio software (https://dsi-studio.labsolver.org/), which was used primarily 
for visualization purposes. The tractography was computed for each of the nerves 
with the auditory cortex used as the region of interest and the frontal cortex used 
as terminations. The analyses were performed with an angular threshold of 60°, 
an FA threshold of 0.1, a step size of 0.2 mm, and a fiber length of 0 to 300 mm.
Probabilistic fiber tracking. Probabilistic fiber tracking (99) was performed using 
FSL. Diffusion parameters were computed using BEDPOSTX with default settings 
(two fibers, weight 1). Fiber tracking was performed using PROBTRACKX with 5,000 
samples, a curvature threshold of 0.2, a step length of 0.05 mm, and a subsidiary fiber 
volume fraction threshold of 0.01. The probabilistic fiber tracking provides a fiber 
count connectivity index map across all target regions for a given seed voxel or region.

Seed regions were selected based on the individual-based auditory cortex 
parcellation results (see below for details). The auditory cortex of all subjects 
was divided into three major sub-regions: core, belt, and parabelt. The anterior 
temporal lobe (ATL) was manually defined for all subjects, and the middle tem-
poral region (MTR, including the superior temporal sulcus and middle temporal 
gyrus) was manually defined for all humans. The probabilistic fiber tracking was 
performed separately with core, belt, parabelt, and ATL as seed regions for each 
individual subject. For humans, probabilistic fiber tracking was also performed 
with MTR as the seed region. Target regions of interest (ROIs) were defined man-
ually based on the probabilistic fiber tracking results in each subject for dorsal, 
ventral, and parietal waypoints, respectively.D
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Parcellation of the Auditory Cortex.
Individual-based parcellation. To compare the connectivity patterns of the auditory 
cortex across different species, we sought to parcellate the auditory cortices of all spe-
cies using the same individual-based quantitative parcellation method. In detail, 1) 
For each subject, we manually localized the auditory cortex, and defined the gray 
matter (GM) surface and GM–WM (white matter) boundary. 2) The columnar anisot-
ropy was estimated by local probabilistic fiber tracking using FSL (37). The columnar 
anisotropy analysis was applied to find the best fiber route from each voxel on the 
GM surface to the GM–WM boundary with the highest connectivity probability. These 
fiber routes were defined as cortical columns. 3) The GM of the auditory cortex for 
each subject was divided into the upper layer part and lower layer part based on the 
cortical columns. 4) Five MRI contrasts including T2 (T1 for humans), MD, FA, odi, and 
DEC across two different layers were used to construct the feature space. For each 
subject, each cortical column was represented by 10 features (SI Appendix, Fig. S4). 4) 
Unsupervised distance-based clustering (K-means clustering) was used to group the 
cortical columns into a certain number of clusters (in this case, 4 clusters are the best, 
see details below), the classification labels of the cortical columns were corrected based 
on their spatial locations. The labels for the clusters (core, lateral belt, medial belt, and 
parabelt) were also defined based on their spatial locations. The above methodologies 
for segmenting the auditory cortex including MRI contrast calculation, columnar ani-
sotropy computation, and K-means clustering have been previously developed and 
published systematically by Dr. Afonso Silva’s group using both ex vivo (37, 100) and 
in vivo marmoset data (101), all resources are open-accessed and available online 
(https://marmosetbrainmapping.org).

To demonstrate the optimal number of clusters for the parcellation, WCSS (within-
cluster sum of square) for each subject was calculated. WCSS is the sum of the squared 
distance between each point and the centroid in a cluster. WCSS curve was plotted 
across different numbers of clusters. The cluster number corresponding to the elbow 
point of the WCSS curve is the optimal number of clusters.

To check the robustness of the parcellation results, a 10-fold cross-validation was 
performed. A training dataset which consisted of 90% of the total dataset (cortical 
columns) was randomly selected for each subject, with the remaining 10% used as 
the testing dataset for validation. The label for each cortical column of the dataset was 
derived from the clustering results shown above. Support vector machine (SVM) was 
used to train the model and compute the misclassification rate. This fitting and testing 
procedure was performed for 10 times, and the original error rate was computed by 
averaging the misclassification rates. In addition, to compute a null distribution of 
the misclassification rates, 10-fold cross-validations were performed on the same 
dataset by shuffling the corresponding labels. The distribution of shuffled error rates 
was computed by shuffling the labels for 1,000 times. The Wilcoxon rank-sum test 
(WRS-test) was used to compare the original error rates with the shuffled error rates.

Previous studies have shown that auditory belt regions have reciprocal connec-
tions with auditory core and parabelt regions, whereas no connections were found 
between auditory core and parabelt regions (26, 40). These findings provided us with 
an alternative criterion to validate our parcellation results. The connectivity strength 
of the three sub-regions (core, belt, and parabelt) from our parcellation results were 
estimated by probabilistic fiber tracking using FSL for each subject. Voxel-voxel fiber 
count was defined as the connected fiber number between a given voxel in one 

sub-region and a given voxel in another sub-region. Voxel-voxel fiber count was 
calculated for all voxels in both regions respectively.
3D surface reconstruction and atlas registration. The 3D cortical surface of the 
brain was reconstructed using Freesurfer (https://surfer.nmr.mgh.harvard.edu/). 
T2w images of marmosets and macaque and T1w images of humans were used 
for the reconstruction. The parcellation results were mapped onto the individual 
brain surface for visualization. To compare our parcellation results with the exist-
ing brain atlases, the Nencki-Monash (NM) template (43) and the NIH-MBA v1.1 
(NIH) template (37) for marmosets were registered to the T2w images of mar-
mosets, and the D99 macaque template (44) was registered to the T2w images 
of macaque. Affine transformations implemented in Freesurfer were used for all 
registrations. The inconsistency rate was calculated as the percentage of incon-
sistent voxels across the total number of voxels between our parcellation results 
and the atlas. The human brain atlas was not used in this study since there is no 
common agreement for the auditory core, belt, and parabelt regions in humans.

Statistical Analysis for Cross-Species Comparisons. The statistical analyses were 
performed across subjects for each species (ex vivo marmoset, in vivo marmoset, 
macaque, and human) in six aspects. Paired t tests were used for the comparisons.

1)	 Comparisons of the relative size among the auditory core, belt, and 
parabelt regions.

2)	 Comparisons of the connectivity strength from the auditory core, belt, and 
parabelt regions to the three target regions (dorsal target ROIs, ventral target 
ROIs, and parietal target ROIs).

3)	 Comparisons of the connectivity strength from the rostral and caudal parts 
of the auditory cortex to the three target regions (dorsal target ROIs, ventral 
target ROIs, and parietal target ROIs).

4)	 Comparisons of the connectivity strength from the left and right auditory 
cortex to the three target regions (dorsal target ROIs, ventral target ROIs, and 
parietal target ROIs).

5)	 Comparisons of the connectivity strength between MTR and auditory cortex to 
the three target regions (dorsal target ROIs, ventral target ROIs, and parietal 
target ROIs) in humans.

6)	 Comparisons of the connectivity strength between ATL and auditory cortex to 
the three target regions (dorsal target ROIs, ventral target ROIs, and parietal 
target ROIs).

Data, Materials, and Software Availability. The raw data supporting the 
current study (.nii format) have been deposited in Open Science Foundation 
repository (https://doi.org/10.17605/OSF.IO/CZGEF) (102).
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