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SUMMARY
Human brain pathways supporting language and declarative memory are thought to have differentiated sub-
stantially during evolution. However, cross-species comparisons are missing on site-specific effective con-
nectivity between regions important for cognition. We harnessed functional imaging to visualize the effects of
direct electrical brain stimulation in macaque monkeys and human neurosurgery patients. We discovered
comparable effective connectivity between caudal auditory cortex and both ventro-lateral prefrontal cortex
(VLPFC, including area 44) and parahippocampal cortex in both species. Human-specific differences were
clearest in the form of stronger hemispheric lateralization effects. In humans, electrical tractography revealed
remarkably rapid evoked potentials in VLPFC following auditory cortex stimulation and speech sounds drove
VLPFC, consistent with prior evidence inmonkeys of direct auditory cortex projections to homologous vocal-
ization-responsive regions. The results identify a common effective connectivity signature in human and
nonhuman primates, which from auditory cortex appears equally direct to VLPFC and indirect to the hippo-
campus.
INTRODUCTION

Brain networks adapted for specialized functions typically

show direct, rapid, or effective connectivity between regions

crucial for behavior. Finding such connectivity, alongside

evidence for evolutionary homology, convergence, or diver-

gence, can be of substantial theoretical significance. Within

the motor domain, human and nonhuman primates have direct

cortico-spinal projections subserving fine movement control

that are indirect in rodents (Lemon, 2008). Also, human laryn-

geal motor cortex projects directly to a brain stem nucleus

(ambiguus) controlling laryngeal muscles (Simonyan and Hor-

witz, 2011). Such projections for vocal production are poten-

tially more indirect in nonhuman primates (Archakov et al.,

2020; Simonyan and Horwitz, 2011) and rodents (Arriaga

et al., 2012), which sheds light on human speech evolution
852 Neuron 109, 852–868, March 3, 2021 ª 2021 The Author(s). Pub
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(Belyk and Brown, 2017; Bo€e et al., 2019; Jarvis, 2019;

J€urgens, 2002) and convergent evolution in songbirds (Petkov

and Jarvis, 2012; Roberts et al., 2017).

Language defines us as a species, and because of its prom-

inent role in declarative memory, evolutionary differentiation of

human cognitive pathways is expected. Comparative studies

often see considerable levels of conservation alongside insights

on species-specific differences (Balezeau et al., 2020; Donahue

et al., 2018; Eichert et al., 2019; Flinker and Knight, 2018; Frie-

derici, 2017; Neubert et al., 2014; Pryluk et al., 2019). Yet

certain cross-species comparisons are missing, such as on

the impact of directed effective connectivity with the required

precision of site-specific perturbation that can be applied to

both human and nonhuman primates. Thereby, the question

of the extent of differentiation versus conservation in primate

fronto-temporal systems—although crucial for understanding
lished by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. Illustrated hypotheses involving

effective connectivity from auditory cortex

to VLPFC and MTL areas in humans and

monkeys

(A) Hypothesis 1 predicts stronger effective con-

nectivity from stimulating auditory cortex on human

VLPFC areas 44/45 than inmonkeys, because of the

prominence of the dorsal pathway in humans inter-

connecting these areas with auditory cortex. By

comparison, the ventral pathway interconnecting

auditory cortex with areas such as the frontal oper-

culum (FOP) is structurally dominant in nonhuman

primates. Thus, by this hypothesis, effective con-

nectivity in the monkeys could be stronger in FOP

than areas 44/45.MTL effects by some accounts are

expected to be stronger in human hippocampal

subregions than adjacent areas, such as the para-

hippocampal gyrus (PHG). In monkeys, the reverse

pattern is expected; see text.

(B) Hypothesis 2 predicts cross-species corre-

spondences in auditory effective connectivity with

these VLPFC and MTL regions.

AC, auditory cortex; Brodmann areas 44 and 45;

FOP, frontal operculum; HC, hippocampus; latHG,

lateral Heschl’s gyrus; medHG, medial Heschl’s

gyrus; MTL, medial temporal lobe; PHG, para-

hippocampal gyrus; VLPFC, ventro-lateral pre-

frontal cortex.
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which aspects of human language and cognition can find real-

istic nonhuman animal models—remains open.

Speech and language are supported by a fronto-temporal

network, including auditory and ventro-lateral prefrontal cortex

(VLPFC) areas, interconnected via dorsal and ventral white mat-

ter pathways and processing streams (Rauschecker and Scott,

2009). Left hemisphere areas posterior to Heschl’s gyrus (HG,

an anatomical landmark associated with auditory cortex) are in-

terconnected with Brodmann area 44 and parts of area 45 in the

VLPFC by way of the dorsal arcuate fasciculus pathway (Catani

et al., 2005; Friederici, 2017). There is now evidence for an audi-

tory homolog of this dorsal pathway in chimpanzees and ma-

caques, with its hemispheric lateralization seen as a prominent

human-specific distinction (Balezeau et al., 2020). In monkeys,

VLPFC neurons respond to vocalization sounds (Romanski and

Goldman-Rakic, 2002), and neuronal tracer studies have shown

evidence for directional connectivity between non-primary audi-

tory (lateral belt) areas and VLPFC (Romanski et al., 1999b).

Whether similar auditory to inferior frontal interconnectivity exists

in humans and nonhuman primates is unclear (Garell et al., 2013;

Nakae et al., 2020; Neubert et al., 2014). One hypothesis, based

on the idea that the human dorsal pathway and VLPFC areas 44/

45 differentiated for language (Friederici, 2017)—supported by

structural evidence that the dorsal arcuate fasciculus pathway

is predominant in humans whereas the ventral pathways

predominate in nonhuman primates (Balezeau et al., 2020;

Friederici, 2017; Rilling et al., 2012)—is that human auditory
cortex might have greater effective

connectivity impact on area 44. By

contrast, effects on the adjacent frontal

operculum (FOP) may be stronger in mon-
keys (Wilson et al., 2017; Figure 1A). An alternative hypothesis is

that, structural connectivity differences notwithstanding, there

may be substantial cross-species correspondence in effective

connectivity from auditory cortex to these areas (Figure 1B).

Sensory input to the medial temporal lobe (MTL) in humans is

important for declarative memory and may also have evolution-

arily differentiated in humans. Monkey recognition memory for

sounds is surprisingly more fleeting than for visual items (Fritz

et al., 2005), yet so is human memory, particularly when sounds

are difficult to verbally label (Schulze et al., 2012). Also, studies

in nonhuman animals (rodents, cats, and monkeys) show

primarily indirect projections from auditory cortex to the hippo-

campus (Munoz-Lopez et al., 2010) via parahippocampal/perirhi-

nal cortex (Cenquizca and Swanson, 2007; Insausti and Amaral,

2008). Thus, one prediction is that auditory effective connectivity

to the MTL in humans may be stronger in the hippocampus than

parahippocampal cortex (Figure 1A). However, human neuroi-

maging studies have not demonstrated direct auditory to hippo-

campal connectivity, rather recent studies suggest indirect inter-

connectivity with auditory cortex (via parahippocampal cortex;

Maller et al., 2019), as seen in other species. Another hypothesis,

given that language assists humans in naming and conceptual-

izing sounds and thus better remembering them (Schulze et al.,

2012), is that the auditory-to-MTL network is based on a largely

evolutionarily conserved organizational principle (Figure 1B).

New approaches for assessing effective connectivity similarly

across the species could shed light on human cognitive
Neuron 109, 852–868, March 3, 2021 853
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pathways and their primate origins or specialization. Inmonkeys,

electrical stimulation combined with functional magnetic reso-

nance imaging (es-fMRI) was developed to visualize the impact

of site-specific stimulation on neural network effective connec-

tivity (Klink et al., 2020; Tolias et al., 2005). Direct electrical brain

stimulation is a common treatment for debilitating brain disor-

ders and has a history of being combinedwith functional imaging

in humans (Klink et al., 2020; Phillips et al., 2006; Rezai et al.,

1999). Recently, following substantial safety testing, the es-

fMRImethod has resurged as an approach in human patients be-

ing monitored for neurosurgery (Oya et al., 2017) and a human

es-fMRI resource was established (Thompson et al., 2020).

The human es-fMRI approach now offers the possibility for direct

cross-species comparison. We conducted a first comparative

study of es-fMRI effects obtained by stimulating auditory cortex

in human neurosurgery patients and macaques. Electrical stim-

ulation of auditory cortex induced differential es-fMRI activity in

several VLPFC (areas 44, 45, and FOP) and MTL subregions

(including parahippocampal and hippocampal areas). The effec-

tive connectivity patterns were remarkably similar across the

species. In humans, we also studied electrical stimulation trac-

tography to assess the latency of interconnectivity between

auditory cortex, VLPFC, and MTL. Finally, we observed strong

neurophysiological responses to speech sounds in human

VLPFC and establish directional effective interconnectivity with

auditory cortex.

RESULTS

The es-fMRI approach has been used in several disorders to

assess the pattern of activated brain regions and the treatment

response from stimulating specific brain sites (Phillips et al.,

2006; Rezai et al., 1999). Safety issues are a challenge (Boutet

et al., 2019), but breakthroughs have been made (Oya et al.,

2017). The es-fMRI approach in humans has benefitted substan-

tially from information obtained in nonhuman primates using the

same technique (Klink et al., 2020). es-fMRI electrically stimu-

lates neurons and axons in specific sites, and the resulting

fMRI activity observed during site-specific electrical stimulation

can identify effective connectivity in target regions, including

the synaptic efficacy of post-synaptic neurons. Although the

mode of action is not fully understood, such information is accu-

mulating in nonhuman primates (Klink et al., 2020). The results of

this paper shed further light on es-fMRI effects and whether ef-

fects are largely antidromic or orthodromic.

Auditory cortex es-fMRI in macaques
We first studied the es-fMRI response from stimulation of caudal

auditory cortical sites in the right hemisphere of two macaques.
Figure 2. Macaque monkey auditory cortex electrical stimulation sites

(A) Stimulation sites 1 and 2 in the right hemisphere auditory cortex in the two ma

(see STAR methods).

(B) Illustrated es-fMRI paradigm timing, not to scale.

(C and D) Macaque es-fMRI group results showing significantly activated voxels

site 2 (D); cluster-corrected p < 0.05; Z > 2.8 (see Table S1 for list of activated ana

brain are shown.

PFC, prefrontal cortex.
Auditory cortex es-fMRI induced significantly stronger activity

relative to non-stimulation trials (Figure 2; p < 0.05; cluster cor-

rected; Z > 2.8) in areas including auditory cortex, motor-related,

prefrontal, and MTL regions (Table S1). MTL activation included

parahippocampal gyrus (Munoz-Lopez et al., 2010).

Grouping of stimulation sites was conducted across two tono-

topically organized fields (‘‘core’’ site 1 and ‘‘belt’’ site 2; Fig-

ure 2). In monkeys, the auditory core is associated with primary

auditory cortex (Figure 1, yellow area in right panels) and the

auditory belt with non-primary auditory cortex (Figure 1, green

area in right panels); note that the monkey homolog of human

HG (also known as the transverse temporal gyrus) may not exist,

but there is general cross-species correspondence in the pres-

ence of core (primary-like) and belt (non-primary) areas (Rau-

schecker, 1997). However, es-fMRI results from stimulating

these two sites in the monkeys were statistically indistinguish-

able (no significant voxels surviving the p < 0.05 cluster-cor-

rected threshold for the site 1 versus site 2 contrast or vice

versa). We suspected that this might arise because of partially

overlapping stimulation, which was confirmed by estimating

the passive current spread using the formula r =OI=K, where I

is current and K a constant of pyramidal cell excitability (for a

200-ms pulse, we used a K value of 1.3 mA/mm2; Tehovnik

et al., 2006; Tolias et al., 2005). The resulting radius (r) of passive

current spread is 0.9 mm, suggesting that stimulating core audi-

tory cortex sites also passively electrically stimulates portions of

the adjoining auditory belt and vice versa, a consideration for in-

terpreting the es-fMRI results. For additional macaque es-fMRI

results, split bymonkey or combining the two sites of stimulation,

see Figure S1.

Auditory cortex es-fMRI in humans
We assessed the es-fMRI activity in response to human auditory

cortex electrical stimulation of depth electrodes at medial or

lateral sites in either left or right HG (Figure 3; Figure S2A shows

individual subject contact locations). Human primary auditory

cortex tends to include parts of HG (DaCosta et al., 2011), partic-

ularly the medial segment (Figure 1, yellow area in left panels).

The more lateral segments of HG that extend on the superior

temporal gyrus (STG) are considered non-primary auditory cor-

tex (Figure 1, green area in left panels). Stimulation sites were

subdivided into site 1 (medHG), grouping contacts in medial

HG areaswhere significant phase-locking to high-repetition click

sound rates occur (STAR methods), and site 2, grouping lateral

HG and planum temporale contacts (latHG+PT) lacking high

click rate neural phase locking (Figures 3A and S2B). Figure S2C

shows the amount of data retained following removal of

neurosurgically resected sites and lost data around electrode

contacts.
and es-fMRI results

caques (M1 and M2), overlaid on fMRI tonotopic parcellation of auditory cortex

during auditory cortex stimulation relative to no-stimulation trials: site 1 (C) and

tomical regions). Results projected to the surface-rendered macaque template

Neuron 109, 852–868, March 3, 2021 855
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Figure 4. Human results contrasting site 1 versus site 2 es-fMRI effects

Same format as in Figures 3C and 3D, showing statistically significant (p < 0.01 cluster-corrected) effects where either site 1 (red color map) or site 2 (blue color

map) was stronger. The corresponding contrast in monkeys yielded no cluster-corrected differences. SMG, supramarginal gyrus; vLMC, approximate location of

ventral laryngeal motor cortex within M1.
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Significant es-fMRI effects (Figure 3C; cluster corrected p <

0.01) from stimulating site 1 (medHG) included auditory cortex

(STG) and VLPFC (including inferior frontal gyrus; Table S2).

Site 2 (latHG+PT) stimulation activated areas including STG

and MTL (Figure 2D). In some individual subjects, the activity

response was significant in VLPFC and MTL (Figure S3). The

strength of the es-fMRI response in VLPFC and MTL overlaid

on the stimulated HG contacts that produced it is shown in

Figure S4.

Unlike the monkey es-fMRI results, which did not significantly

differ between the two auditory cortex stimulation sites, effects

from stimulating the two sites in humans differed. We calculated

the passive current spread as above: resulting in a 3-mm radius

around the stimulation contact pairs, which are separated by

5–10mm. The analytical group contrast of site 1 (medHG) versus

site 2 (latHG+PT) showed stronger VLPFC activity from stimu-

lating site 1 (Figure 4; Table S2). Site 1 stimulation also resulted

in stronger activity in more posterior temporal and parietal areas

(e.g., supramarginal gyrus). Site 2 stimulation resulted in stronger

activity in anterior temporal areas (Table S2).

Macaque es-fMRI effects in VLPFC and MTL subregions
We assessed whether macaque auditory cortex stimulation

differentially activates anatomically defined areas 44, 45, and
Figure 3. Human auditory cortex electrical stimulation sites and es-fM

(A) Stimulation of depth electrodes in the transverse temporal gyrus (Heschl’s gy

down on the superior temporal plane. Stimulation sites are identified at the center

locations in each subject).

(B) es-fMRI paradigm timing.

(C and D) Human es-fMRI group results shown as significantly activated voxels d

0.01) for site 1 (C) and site 2 (D), shown on the surface-rendered Montreal Neuro
the FOP in the VLPFC (Figures 5A and 5B). Region of interest

(ROI) effects were tested with a mixed-design analysis of vari-

ance (ANOVA): between-subjects factor of monkeys; within-

subjects factors of activated hemisphere (left or right); ROI

(area 44, 45, or FOP); and stimulation site as covariate (site 1

or 2). Model assumptions for this and all subsequent reported

analyses were met or corrected as indicated. Planned post

hoc tests were used to identify differential effects across

the ROIs.

The overall magnitude of the fMRI signal in the VLPFC ROIs

was stronger in macaque 1 (M1) (significant monkey factor:

F1,34 = 7.34; p = 0.010), but there were no interactions with other

factors, suggesting a similar pattern of es-fMRI effects across the

monkeys. The two sites of stimulation did not differentially affect

the VLPFC fMRI response, consistent with the whole-brain re-

sults. The macaque VLPFC ROI effects were also statistically

indistinguishable across the two hemispheres (no significant

hemisphere effect). Although theANOVA revealedonly a trend to-

ward a differential fMRI response across the ROIs (F2,33 = 3.04;

p = 0.054), the planned post hoc comparisons identified stronger

es-fMRI activity in the FOP over areas 45 and 44 in that order (all

p < 0.002; Bonferroni corrected; Figures 5A and 5B).

Monkey MTL subregions showed differential es-fMRI activity

during auditory cortex stimulation (Figure 5C). A mixed-design
RI results

rus [HG]). Human auditory cortex stimulation sites 1 and 2 are shown, looking

of the adjacent contacts used for stimulation (Figure S2A shows actual contact

uring stimulation relative to no-stimulation trials (cluster corrected; T = 2.8; p <

logical Institute human standard brain template.

Neuron 109, 852–868, March 3, 2021 857
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Figure 5. Human and macaque VLPFC and MTL connectivity profiles

(A) VLPFC andMTL subregion es-fMRI effects displayed as polar plots. Shown are across scanning run peak Z values and variability (±SEM [standard error of the

mean]). Top plot in (A) shows monkey results; bottom plot shows human results.

(B and C) Whisker plots of VLPFC (B) and MTL (C) es-fMRI activity responses (across scanning runs, peak Z value; central mark identifies the median; edges of

box are 25th and 75th percentiles; whiskers extend to extreme ends of data, not including outliers in red crosses; non-overlapping notches are significantly

different at p < 0.05). Also shown are sagittal and coronal slices in each species with the anatomically localized ROIs used for the analysis.

(D) Effects by response hemisphere (monkeys left, humans right).

(E) Human effects by stimulated hemisphere; only right hemisphere was stimulated in the monkeys.

Note that the joined lines in the polar plots are not intended to suggest a continuing pattern across ROIs, only to assist in comparison of the patterns across

species (A) and hemispheres (D and E); also see the whisker plots in (B) and (C).
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ANOVA including the seven anatomically delineated MTL subre-

gions showed that es-fMRI activity in theseROIs did not differ be-

tween monkeys, suggesting similar effects in both monkeys. Ef-

fects also did not differ across the two stimulation sites or across
858 Neuron 109, 852–868, March 3, 2021
the two hemispheres, as seen for the VLPFC results. The MTL

ROIs differed nonlinearly in their fMRI activity response, showing

a more complex pattern than just a linear change in the activity

response across the ROIs (cubic effect: F1,34 = 4.27; p = 0.028;
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Figures 5A and 5C). The planned post hoc comparisons showed

stronger es-fMRI activity in the parahippocampal gyrus (PHG)

than both entorhinal cortex (EC) and Cornu Ammonis (CA) field

CA4 (p < 0.003; Bonferroni corrected). Subiculum (Sub), dentate

gyrus (DG), CA1, and CA3 also had stronger activity than CA4 (all

p < 0.015; Bonferroni corrected).

Human auditory cortex es-fMRI effects in VLPFC
and MTL
We studied the human VLPFC and MTL effects in anatomically

defined ROIs. Effects were tested with a mixed-design ANOVA

(between-subjects factor: human subject; within-subject fac-

tors: ROI subregion, activated hemisphere, left or right; site of

stimulation and stimulated hemisphere, left or right, as covari-

ates). The vast majority of subjects were left hemisphere lan-

guage dominant (Table S3).

For VLPFC,weobserveddifferential activity of areas 44, 45, and

FOP (F1,21 = 5.26; p = 0.032; Figure 5B) in a similar pattern as in the

monkeys. The post hoc tests showed a stronger FOP response

than in areas 45 and 44 (p < 0.003; Bonferroni corrected). Site of

stimulation (site 1 versus site 2) effects on VLPFC only trended

(F1,21 = 3.14; p = 0.090), seen as a weaker albeit not significant

site 2 (latHG+PT) es-fMRI effect on the VLPFC subregions (Fig-

ure 5A). Hemispheric differences for certain ROIs were evident:

visualized in Figure 5D as a stronger FOP response on the left,

with the right hemisphere showing similar activity across the three

VLPFC ROIs. Activated hemisphere effects did not interact with

VLPFC ROI but did with site of stimulation (site 1 versus site 2 by

activated hemisphere interaction:F1,21 = 7.23; p = 0.014) and stim-

ulated hemisphere (stimulated hemisphere by activated hemi-

sphere interaction: F1,21 = 4.68; p = 0.042; Figure 5E).

For the human MTL ROI effects, the ANOVA did not show sig-

nificant differential activation between the ROIs, although the

weaker pattern was similar to that seen in monkeys with the

post hoc comparisons: The PHG had a stronger es-fMRI

response than CA4 (p = 0.016; Bonferroni corrected) and DG

(p = 0.026; corrected), and the subiculum response was stronger

thanCA4 (p = 0.034; corrected). MTL ROI effects only trended for

activated hemisphere (F1,10 = 3.35; p = 0.097), seen in Figure 5D

as a weaker, albeit not significant, right hemisphere bias, partic-

ularly for entorhinal cortex (Figures 5D and 5E). No other signifi-

cant effects or interactions were observed.

Cross-species auditory cortex es-fMRI comparisons in
VLPFC and MTL
We conducted cross-species es-fMRI comparisons of the

VLPFC andMTLROI responses (Figure 5 shows the anatomically

delineatedROIs in both species). Statistical testing included spe-

cies as a between-subjects factor in the mixed-design ANOVA.

For the VLPFC cross-species comparison, both monkey and

human es-fMRI results showed stronger FOP responses than

area 45 (ROI effect: F1,57 = 9.68; p = 0.003). There was no signif-

icant species difference in the VLPFC ROI effects (p = 0.139),

showing statistically indistinguishable VLPFC ROI response pat-

terns across the species (Figures 5A and 5B). An effect was

found for activated hemisphere (left stronger than right; F1,57 =

4.21; p = 0.045) but did not significantly interact with species.

There were higher order interactions with species, including
hemispheric differences (VLPFC ROIs by species: F1,57 = 4.97,

p = 0.010; ROIs by activated hemisphere by species: F2,57 =

7.11, p = 0.002), showing that a key difference across the spe-

cies for the VLPFC areas is the hemispheric lateralization pattern

being stronger in humans.

For the MTL, the overall es-fMRI activity level differed across

the species (Figure 5D; F2,46 = 10.55; p < 0.001). The ROIs did

not differ in their fMRI response pattern but interacted with spe-

cies (Greenhouse-Geisser corrected: F7.63,175.52 = 3.05; p =

0.004; ε = 0.636), and the species factor further interacted

with activated hemisphere (Greenhouse-Geisser corrected:

F8.70,200.16 = 2.175; p = 0.027; ε = 0.725), suggesting that hemi-

spheric lateralization in humans was a prominent species differ-

ence, as seen for the VLPFC results. For instance, human

entorhinal cortex shows greater right hemisphere activation (Fig-

ure 5D), and this region was relatively more activated when the

left human auditory cortex was stimulated (Figure 5E). By

contrast, the monkey effects were statistically indistinguishable

across the hemispheres. No other effects or higher order interac-

tions were significant.

Classifier decoding results for the VLPFC and MTL
subregions
The ANOVA analyses relied on peak/max ROI Z score values,

because these data were well distributed and had very few out-

liers (Figure 5). Mean Z score values across voxels can provide

important information but did not fit the analysis assumptions

and could not be analyzed in the same way. We thus applied a

machine learning classifier approach in the analysis of these

data using a gradient boosting algorithm, Catboost (Prokhoren-

kova et al., 2017), after demeaning and normalizing the variability

of these data (see STAR methods). The results with the classifier

were highly complementary to the ANOVA results, in that the

classifier could not differentiate the two species from the es-

fMRI responses in the VLPFC and MTL ROIs (Figure S6). It is

not the case that the classifier was not working or sensitive

enough, because results with it recapitulated some of the hemi-

spheric lateralization effects seen in humans and the observation

that the macaque es-fMRI results are highly symmetrical across

the two hemispheres. Namely, the classifier could significantly

distinguish the hemisphere for several ROIs in the human results,

but not for the macaque ROIs (Figure S6B).

Insights on macaque and human es-fMRI effects
involving vocal motor-associated areas
Although the focus of the study was on auditory effective connec-

tivity with the defined VLPFC and MTL areas, auditory cortex also

projects via dorsal pathways to areas associatedwith vocal motor

production, including those that support auditory-motor mapping

(Archakov et al., 2020; Dichter et al., 2018; J€urgens, 2002; Petkov

and Jarvis, 2012; Rauschecker and Scott, 2009; Simonyan and

Horwitz, 2011). To gain insights on auditory cortex es-fMRI effects

in vocal motor-related frontal areas, we conducted similar ANOVA

and classifier analysesof themacaque and humanes-fMRI results

in cingulate cortex (anterior, middle, and posterior segments) and

motor or pre-/supplementary-motor areas (including areas 6d, 6v,

supplementary motor area, M1, and area 8). The ROIs used for

both species and the polar plot results are shown in Figure S5.
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Although, the Catboost classifier results showed interesting

cross-species differences in a number of these ROIs (ACC, Ante-

rior Cingulate Cortex; PCC, Posterior Cingulate Cortex; SMA,

Supplementary Motor Area; M1, area 8, and 6v; Figure S6), the

ANOVA results, however, did not statistically support a cross-

species difference, unlike the consistency in results seen with

both the classifier and ANOVA results for VLPFC areas 44, 45,

and FOP and the MTL subregions. The ANOVA results for the

motor-related areas did not show a significant species factor

(p = 0.143) and did not significantly interact with ROI (p =

0.115). This may have resulted because of a potential difference

in effects between sites of stimulation where interestingly the site

2 stimulation effects were at least qualitatively more similar

across the species (Figure S5). However, even these site of stim-

ulation effects were not significant in the ANOVA results and did

not significantly interact with species and/or ROI (all p > 0.143).

The cingulate cortex results with the ANOVA were more

consistent with the classifier results (Figure S6), as follows. The

species factor was significant (F2,75 = 21.315; p < 0.001), and

there was a significant ROI-by-species interaction (Green-

house-Geisser corrected; F3.192,119.712 = 4.125; p = 0.007; ε =

0.845). For the cingulate cortex ROIs, there was no significant

site of stimulation effect or higher order interactions (all p >

0.376; see Discussion).

Human electrical stimulation tractography
In the human patients, clinical electrode coverage could

include frontal, auditory, and hippocampal sites. We studied

neurophysiological connectivity with electrical tractography

(esT) between auditory cortex, VLPFC, and hippocampus (Fig-

ures 6A and 6F–6H show the stimulation sites and recording

contacts).

Auditory cortex site 1 (medHG) and site 2 (latHG+PT) stimu-

lation induced neurophysiological potentials in VLPFC (Figures

5B and 5C) as soon as they could be measured after the

0–3 ms electrical stimulation artifact (Figure 6D; Videos S1

and S2; additional exemplary movies: https://osf.io/4axx2/).

We assessed the polarity and latency of stimulation-induced

responses using spatial Laplacian filtering to reduce volume

conduction effects and spurious cross-channel correlated re-

sponses. Response waveforms in VLPFC showed positive

and negative components at different latencies (Figures 6E–

6H). Our labeling convention follows prior reports (Brugge

et al., 2003; Garell et al., 2013), identifying positivities (P) and

negativities (N) by latency (early: a; later: b).

Auditory cortex stimulation induced an early VLPFC positivity

(P(a): average latency: 5.3 and 6.8 ms, respectively, from stimu-

lating medHG or latHG+PT) followed by an early negativity, N(a),

and later positivity and negativity (Figure 6E). Notably, the early

positivity is as early as reported from stimulating medial HG

and recording in postero-lateral STG (Brugge et al., 2003).

Effects from stimulating VLPFC while recording in HG indi-

cate that connectivity appears to be bidirectional, evident as

the presence of both sets of positivities and negativities:

compare Figure 6F with stimulation in the opposite direction

in Figure 6E. However, the waveforms in the two directions

do differ particularly in the latencies of some of the compo-

nents, which are earlier in the HG to VLPFC direction. An
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ANOVA (within-subjects factor: potential latency across record-

ings; between-subjects factors: stimulation sites and subjects)

substantiated this impression, showing a significant interaction

of stimulation site with potential latency (Greenhouse-Geisser

corrected: F1.467,77.742 = 45.641; p < 0.001; ε = 0.489). No other

effects or interactions were found.

Next, we studied esT effects between hippocampus and audi-

tory cortex. The waveforms recorded in the hippocampus after

stimulation of HG, or vice versa, were also distinctly different in

shape, with later components muchmore variable in latency, de-

pending on the direction of stimulation (compareN(b) latencies in

Figures 6G and 6H). Also, here, therewas a significant interaction

of stimulation site with potential latency (Greenhouse-Geisser

corrected: F1.407,45.034 = 9.399; p < 0.001; ε = 0.469). No other

significant effects or interactions were found.

Testing only the earliest P(a) component (excluding the others)

showed it to be significantly earlier when stimulating HG and

recording in VLPFC than any of the other combinations of direc-

tions or stimulation/recording sites (all comparisons relative to

stimulating HG and recording in VLPFC; p < 0.001; Bonferroni-

corrected). Notably, this early latency response in VLPFC result-

ing fromstimulatingHGappears asearly as theone reported from

potentials recorded in the posterior STG when stimulating HG

(Brugge et al., 2003) or when recording in VLPFC and stimulating

STG (Garell et al., 2013); see Discussion.

Human VLPFC speech responses and directional
connectivity with auditory cortex
Lastly, we studied whether speech sounds induce neurophysio-

logical responses in human VLPFC or MTL and the directionality

of neurophysiological interactions using state-space conditional

Granger causality (CGC). Expectedly, auditory (HG and STG)

sites showed strong broad-band speech-driven responses (Fig-

ure 7A), including power decreases in low frequencies after

speech onset (Billig et al., 2019). Individual contacts showed sig-

nificant speech responses in PHG and hippocampus, although

responses in these areas were weak in the group average re-

sults. By comparison, VLPFC responses to speech sounds

were substantial in both individual and group results (Figure 7A),

evident as increases in lower frequency (theta) power and sup-

pression in alpha and beta bands.

Directional frequency-resolved CGC analyses were conduct-

ed between pairs of contacts with the results conditioned on

non-specific effects across all contacts during the neurophysio-

logical responses to speech (subject 429; Figure 7B). The

expected HG and STG directional interactions were observed

(Figure 7B). In this subject, there were no hippocampal contacts,

but the available PHG contact only showed significant direc-

tional interconnectivity with VLPFC. By comparison, PHG con-

nectivity with auditory cortex was weak. However, VLPFC

showed strong bidirectional interactions with the auditory sites

in HG and STG (Figure 7B).

DISCUSSION

In monkeys, neuronal tracer studies have shown both direct

projections from non-primary auditory cortex to vocalization-

sensitive VLPFC neurons (Romanski et al., 1999a, 1999b;

https://osf.io/4axx2/
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Figure 6. Human electrical tractography

(A) Human HG stimulation sites and VLPFC recording electrode locations. Contacts on the right hemisphere were projected onto the left hemisphere.

(B and C) Average evoked response (RMS z-scores, mean and SEM) from the recording contacts shown by medHG (B) or latHG+PT (C) sites of stimulation.

(D) Frames at 5, 10, 35, and 100 ms post-electrical pulse stimulation from Video S1 (subject 423) during medHG stimulation.

(E) Average neurophysiological evoked potentials in VLPFC from stimulating the HG sites, showing the peak latency (ms) for each component. Asterisks at time

0 indicate stimulus artifact.

(F) VLPFC stimulation and recording in HG; same format as in (E); location of stimulation and recording contacts shown on right.

(G) Stimulation of HG during recordings in hippocampus (HC, shown in red in the right panels).

(H) Stimulation of HC during recordings in HG.
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Figure 7. Human VLPFC responses to speech and conditional Granger causality interconnectivity with auditory cortex

(A) Left: electrode locations across all subjects (n = 8), shown as all subjects pooled and projected onto the standard template brain. Right: time-frequency

resolved responses to speech sounds (common words) are shown. Shown are single subject individual channels (left column) and group average (right column)

within Heschl’s gyrus (HG), superior temporal gyrus (STG), PHG, HC, and VLPFC. Subject 429 did not have hippocampal coverage; therefore, the responses from

another subject (376) are shown for this region. Below the group results, horizontal bars identify significant responses subdivided by frequency bands (thin > 2 SD;

thick > 4 SD relative to the pre-word baseline variability). White *** symbols inset in the group plots identify significant suppression.

(B) State-space conditional Granger causality (CGC) results showing directional neurophysiological interactions during speech-sound presentation. Directions of

influence are shown from regions of interest (rows) to recipient regions (columns) active during speech presentation. Subthreshold (not significant) regions of

time-frequency CGC were set to 0 and are masked in dark blue. Note the strong dynamic directional influences, particularly between VLPFC and auditory sites,

such as HG.
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Romanski and Goldman-Rakic, 2002) and indirect projections

from auditory cortex to the hippocampus via parahippocampal

cortex (Amaral et al., 1983; Insausti and Amaral, 2008; Munoz-

Lopez et al., 2010; Muñoz and Insausti, 2005). In humans,

because of language and declarative memory, the correspond-

ing pathways are proposed to have specialized in our species

(Friederici, 2017; Hagoort, 2019; Schulze et al., 2012). Amidst

comparative insights on differentiation involving language

pathways (Balezeau et al., 2020; Friederici, 2017; Mars et al.,

2018; Neubert et al., 2014), there is surprisingly little evidence

for a privileged auditory to VLPFC pathway in humans (Baker

et al., 2018a; Garell et al., 2013; Nakae et al., 2020; Neubert

et al., 2014), as evident in macaques (Romanski et al., 1999a,

1999b; Romanski and Goldman-Rakic, 2002). Also, human

functional connectivity suggests indirect auditory to hippocam-

pal functional connectivity (Baker et al., 2018b; Maller et al.,

2019), as in other species, with the only evidence for direct pro-

jections between hippocampus proper and hierarchically

earlier auditory fields having been obtained in rodents (Cen-

quizca and Swanson, 2007).
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We harnessed a new approach for similarly assessing effec-

tive connectivity in humans and monkeys, using es-fMRI (Jones

et al., 2014; Klink et al., 2020; Oya et al., 2017; Petkov et al.,

2015; Rezai et al., 1999). As a result of auditory cortex stimula-

tion, we found comparable fronto-temporal effective connectiv-

ity in both species in several VLPFC (areas 44, 45, and FOP) and

MTL subregions. The main species difference seen was in the

stronger hemispheric lateralization effects in humans, relative

to more bilaterally symmetrical effects in the monkeys. We also

provide initial impressions on auditory es-fMRI effects on vocal

motor-related areas (Figures S5 and S6), which were, however,

less consistent across the analyses with regards to species dif-

ferences or correspondences (discussed further below). In hu-

mans, we also obtained evidence for rapid electrically induced

neurophysiological responses in VLPFC from stimulating audi-

tory cortex, with shorter latency in the first measurable potential

than that seen in the opposite direction (stimulating VLPFC and

recording in the auditory HG), or for interactions between

auditory cortex and hippocampus. Moreover, we identified a

speech-responsive region in human VLPFC with directional
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effective connectivity with auditory cortex. The findings show hu-

man auditory pathways that appear to be as direct to VLPFC and

indirect to the hippocampus (via parahippocampal cortex) as in

nonhuman primates, illuminating the primate origins of fronto-

temporal pathways for cognition.

Common auditory es-fMRI effective connectivity to
VLPFC and MTL
The comparison of es-fMRI effects in humans andmonkeys sup-

ports the notion of fronto-temporal networks involving auditory

cortex, VLPFC, and MTL having largely evolutionarily conserved

effective connectivity signatures. In both species, we observed

stronger FOP responses than in VLPFC areas 44 and 45, with

some hemispheric difference in humans, evident as amore hem-

ispherically balanced response across these VLPFC regions in

the right than left hemisphere. Also, in both species, auditory cor-

tex stimulation induced stronger activation in PHG than other

MTL subregions.

The strong FOP effect is interesting, because this region

ventral to VLPFC areas 44 and 45 has been implicated in initial

syntactic processes in humans, given its involvement in process-

ing local dependencies such as between adjacent words in a

sentence (Friederici, 2017). Comparative human and monkey

fMRI using a sequence learning task has shown that the FOP,

in particular, similarly responds in both species to adjacent

sequencing dependencies (Wilson et al., 2015). Also, the FOP

is part of a fronto-temporal attentional saliency or task control

network that appears to be evolutionarily conserved in primates

(Higo et al., 2011).

The comparably stronger auditory cortex es-fMRI effect in

monkeys and humans seen in the PHG, in relation to the hippo-

campal subregions, suggests an equally indirect auditory

cortical projection to the hippocampal memory circuit in both

species. This observation is not inconsistent with impressions

from human resting-state connectivity, including ultra-high-res-

olution data (Baker et al., 2018a, 2018b). The current findings

challenge the notion that monkeys have less direct auditory

effective interconnectivity with theMTLmemory system than hu-

mans. Our language abilities allow us to name, conceptualize,

and thus better remember sounds (Schulze et al., 2012). Yet,

as our observations suggest, possibly even these language-

related mnemonic functions are instantiated within a largely

evolutionarily conserved MTL system.

The mode of es-fMRI action is incompletely understood. A

prior monkey es-fMRI study showed that electrical stimulation

of the visual thalamus elicits an fMRI response in primary visual

cortex (V1) with inhibitory neurons reducing signal propagation

to other areas (Logothetis et al., 2010). However, some propaga-

tion to multi-synaptically connected sites appears to be evident

(Klink et al., 2020), which we also see in our results in the form of

graded es-fMRI responses. Namely, the graded es-fMRI pattern

across MTL ROIs is broadly consistent with known parahippo-

campal and hippocampal subregion connectivity (Jinno, 2009;

Witter, 1993).

Electrical stimulation effects can, in principle, result from

both antidromic and orthodromic propagation along axons. A

comparison of electrical stimulation effects on feedforward and

feedback influences between visual areas V1 and V4 indicates
that orthodromic influences tend to be stronger and less stereo-

typed in either direction (Klink et al., 2017). For instance, seeing

asymmetry in directional effects between two sites suggests

primarily orthodromic influences. This is precisely what we

observed in the asymmetry of the electrical tractography effects

between auditory cortex and VLPFC (discussed further below).

Cross-species differences in es-fMRI effects
Evidence for human differentiation was clearest in the form of

hemispheric lateralization. By contrast, the monkey es-fMRI ef-

fects were largely bilateral, even though it was only possible to

stimulate the right hemisphere in the monkeys. The human re-

sults showed some hemispheric lateralization effects in VLPFC

and MTL subregions.

There were also differences in effects between humans and

monkeys by auditory cortical site of stimulation. We initially stim-

ulated auditory core and belt areas in the monkeys, aiming to

identify distinctly different es-fMRI effects, given that belt

neurons are known to project to prefrontal cortex (Diehl and Ro-

manski, 2013). However, the monkey results were statistically

indistinguishable when comparing effects from stimulating these

two auditory sites adjacent to one another, potentially because of

passive current spreadestimated tobe�1-mmradius around the

stimulating electrode (Results). The human results were distinctly

different between the two auditory stimulation sites, one of which

was identified by its auditory click following response (Brugge

et al., 2008). Passive current spread in the human results is also

worth considering, estimated to be 3-mm radius around the stim-

ulating contacts. Thereby, some of the human medHG effects

can involve stimulation of adjacent areas.

To illustrate the power of the approach for the study of brain

systems beyond the ones that we focused on in this paper

involving the defined VLPFC and MTL areas, we also conducted

an analysis of auditory effective connectivity to areas associated

with vocal motor production (Rauschecker and Scott, 2009).

There are evolutionary hypotheses on both the role of these

areas for auditory-motor mapping and how the vocal production

systemmay have differentiated in humans relative to this system

in other primates and mammals (Archakov et al., 2020; Arriaga

et al., 2012; Simonyan and Horwitz, 2011). There is also indica-

tion of convergent evolution in humans and songbirds (Petkov

and Jarvis, 2012; Roberts et al., 2017). For instance, human

laryngeal motor cortex (LMC) resides within M1 and has direct

projections to the nucleus ambiguous in the brainstem, which

controls laryngeal muscles for vocal production (J€urgens,

2002; Simonyan and Horwitz, 2011). By comparison, the primate

evolutionary precursor of LMC appears to reside not necessarily

in M1 but in parts of areas 6v and 44 that when electrically stim-

ulated result in contraction of the laryngeal muscles (Petrides

et al., 2005; Simonyan and Horwitz, 2011). Moreover, the

pathway from these primate areas to the nucleus ambiguous in

monkeys does not appear to be direct, although this remains un-

der active study (Archakov et al., 2020; Bo€e et al., 2019; Dichter

et al., 2018). Our classifier results (Figure S6) showed some

potentially interesting findings in line with this evolutionary hy-

pothesis (e.g., the classifier could detect the species differences

in areas M1 and 6v among other areas, but not in area 6d, for

example). However, the classifier results were not consistent
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with the ANOVA results, which did not identify a species differ-

ence. Thus, this issue requires further es-fMRI study alongside

functional localization of these frontal areas using electrical stim-

ulation that results in laryngeal muscle contraction. Our initial im-

pressions alongside establishing the comparative es-fMRI

approach establish a foundation for future work on this system.

Other systems are also now worth exploring with the compara-

tive es-fMRI approach. In this regard, Table S1 shows that there

can be strong effects in a number of other brain areas, such as vi-

sual cortical areas and those associated with multisensory inte-

gration (Beauchamp et al., 2004; Petkov et al., 2015). Pathways

between auditory and visual cortex for multisensory neural inter-

action are established, which may be why there is visual cortical

involvement when auditory cortex is stimulated, as also seen else-

where (Petkov et al., 2015). Affective pathways between auditory

cortex and the amygdala (Choi et al., 2010) are also worth

exploring with the comparative es-fMRI approach. To support

open data sharing and further discovery, particularly for systems

beyond the scope of this paper or if parcellation schemes are up-

dated, themacaque data are shared via theOpenScience Frame-

work and the PRIMatE Data Exchange (PRIME-DE) (PRIMatE

Data Exchange (PRIME-DE) Global Collaboration Workshop and

Consortium, 2020; Milham et al., 2018). The human data are

shared via the Open Science Framework and the recently estab-

lished human es-fMRI resource in OpenNeuro (Thompson et al.,

2020); links to the resources are found in the STARmethods table.

There is also detailed information on safely implementing the

approach with both species (Klink et al., 2020; Oya et al., 2017)

including at the PRIMatE Research Exchange under the topic

‘‘electrical stimulation and neuroimaging: humans and ma-

caques’’ (link in STAR methods table).

Considerations in relation to white matter pathways and
monkey anterograde tracer studies
The effective connectivity approach we used is agnostic to the

white matter tracts that interconnect auditory cortex with the

fronto-temporal sites. Human diffusion MRI and monkey antero-

grade tracer studies indicate that the FOP and parts of area 45

(45A; the more anterior segment in macaques; Frey et al.,

2014; Gerbella et al., 2010) are interconnected with auditory

cortex via the ventral extreme capsule or uncinate fasciculus

pathways (Rilling et al., 2008). Area 44 in both species is inter-

connected with areas caudal to auditory cortex via the dorsal

arcuate fasciculus pathway (Catani et al., 2005; Frey et al.,

2008). A recent comparative study showed an auditory homolog

of this dorsal pathway inmacaques (Balezeau et al., 2020), which

interconnects caudo-medial auditory regions—near to those

that we electrically stimulated—with VLPFC.

Is it unexpected that our es-fMRI results from stimulating pos-

terior auditory cortical sites show effects in VLPFC? Monkey

anterograde neuronal tracing results from a caudal auditory

belt area (CL) show dense dorso-lateral prefrontal cortex axonal

bouton labeling (Romanski et al., 1999a, 1999b; also see Hack-

ett et al., 1999; Petrides and Pandya, 1988, 2002). Although

mesoscopic effects, such as those measured by es-fMRI, lack

the specificity of microscopic neuronal tracer studies, our re-

sults recapitulate key patterns shown with macaque antero-

grade tracing results, which show both anterior and posterior
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auditory belt neuronal tracer injections labeling axonal boutons

in VLPFC (Romanski et al., 1999b). Also, in relation to prior ma-

caque es-fMRI work, our results are more like those reported

from stimulating posterior lateral belt (field ML) than those

from stimulating the anterior lateral belt (field RTL; Petkov

et al., 2015). In that study, there was one auditory field separa-

tion between the two stimulated sites. In our study, there was

no such buffer region between the two stimulated sites, which

may be why our effects from stimulating the two sites were sta-

tistically indistinguishable. Another consideration is the inherent

differences in how the monkeys and humans were studied (e.g.,

different scanners, electrodes, and parameters). However,

amidst all such differences, it is notable how similar the es-

fMRI effects in VLPFC and MTL were across the species.

Rapid human electrical tractography from auditory
cortex to VLPFC
The study provides evidence for a rapid electrical-tractography

response in VLPFC following HG stimulation. An early positive po-

tential occurred in VLPFC as soon aswe couldmeasure it after the

stimulation artifact, peaking �5–7 ms after HG stimulation. Audi-

tory cortex and the VLPFC are separated by �10 cm via the

arcuate fasciculus. The latency of this early positivity was signifi-

cantly longer in the opposite direction (stimulating VLPFC and

recording in HG) and between HG and the hippocampus in either

direction (Figures 6E–6H). The estimated conduction velocity,

based on axonal diameter and conduction speeds (Bishop and

Smith, 1964;Caminiti et al., 2013), includingwithin fronto-temporal

pathways (Greenlee et al., 2004), is 10–30m/s. Thus, the expected

latencyof the first potentials fromauditory cortexarriving inVLPFC

is between 3 and 10 ms. Our HG to VLPFC latency results are

remarkably similar to the reported�6-mspeak latency of the initial

positivity recorded in the posterior auditory STG after medial HG

stimulation (Brugge et al., 2003); the two sites are separated by 1

to 2 cm. The authors in that study could not exclude the possibility

of a monosynaptic connection between medial HG and the STG,

because surprisingly, stimulation of a lateral HG site expected to

be an intermediary elicited weak recorded potentials in the STG.

In another study, stimulation of the posterior STG while recording

inVLPFCresulted inanearlynegativity (thestudy focusedonnega-

tive potentials) with an average VLPFC response latency of

�13.5ms (Garell et al., 2013), which is similar to our first negativity

latency in VLPFC after stimulating HG (Figure 6E). Even longer first

negativity latencies can be measured in VLPFC after stimulating

other temporal lobe sites (Nakae et al., 2020).

Thereby, our early electrical tractography potential latencies

from HG to VLPFC appear similar to those reported from stimu-

lating STG while recording in VLPFC (Garell et al., 2013). The re-

sults raise the possibility that the HG to VLPFC connection is as

rapid as the one from posterior STG to VLPFC. Although we

cannot exclude multi-synaptic effects, it is possible that, if

medial or lateral HG sites require additional synaptic connec-

tions in the STG, the VLPFC early positivity (or negativity) would

peak later. Moreover, although HG and VLPFC effective connec-

tivities generally appear to be bidirectional, there were key differ-

ences in the shape of waveforms in either direction, and the early

positivity was earlier when stimulating HG and recording in

VLPFC than in the opposite direction. Also, the early positive
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potential between HG and hippocampus, in either direction, was

later than the one observed between HG and VLPFC. Our la-

tencies between HG and the hippocampus are in the range of

those reported from recording in various temporal lobe sites after

entorhinal cortex stimulation (Takeyama et al., 2019). The find-

ings provide support for privileged auditory HG to VLPFC effec-

tive connectivity that fundamentally differs from effects in the

opposite direction and from those involving the hippocampus.

In comparison to the rapid electrical tractography effects from

auditory cortex to VLPFC, we hypothesize that there might be

more synaptic stages in the feedback pathway from VLPFC to

auditory cortex and in both directions between auditory cortex

and the hippocampus.

Human-speech-responsive VLPFC with directional
auditory cortex effective connectivity
We observed considerable speech-sound-driven neurophysio-

logical responses in human VLPFC and show conditional

Granger causality results on bidirectional effective connectivity

between HG and VLPFC. Speech responses in VLPFC are not

unexpected. They are typically evident during active speech

recognition or difficult listening conditions (Davis et al., 2007).

Spoken speech or reading can also elicit responses from the

human hippocampus (Jafarpour et al., 2017; Figure 7). The

conditional Granger causality results, showing interconnectivity

between VLPFC and HG during speech-sound processing, pro-

vides further evidence for privileged auditory to VLPFC intercon-

nectivity in the human brain.

In summary, the findings demonstrate largely comparable

effective connectivity signatures between human and macaque

auditory cortex and the studied VLPFC andMTL areas. The audi-

tory system as the model sensory system under study was ex-

pected to show substantial specialization in humans for speech,

language, and declarative memory. However, even these results

involving auditory cortex identify a common principle in fronto-

temporal effective connectivity across these species. Future

studies in other sensory modalities and species could further

support or refute these observations.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

Rhesus macaque (Macaca mulatta) Centre for Macaques, Porton Down, UK N/A

Humans (Homo sapiens) University of Iowa, Iowa City, USA N/A

Software and algorithms

FSL Analysis Group, FMRIB https://fsl.fmrib.ox.ac.uk/fsl/fslwiki

Human Connectome Workbench Human Connectome Workbench https://www.humanconnectome.org/

software/connectome-workbench

FreeSurfer Laboratory for Computational

Neuroimaging

https://surfer.nmr.mgh.harvard.edu/

AFNI: Analysis of Functional NeuroImages Scientific and Statistical Computing

Core, NIMH

https://afni.nimh.nih.gov/

fMRIPrep: Robust Preprocessing Pipeline

for fMRI Data

Center for Reproducible Neuroscience https://fmriprep.org/en/stable/

MATLAB R2017b Mathworks https://www.mathworks.com/

R R Statistical Analysis https://www.r-project.org/

RStudio R Studio: Analysis Platform for R https://rstudio.com/

Catboost Classifier Yandex https://catboost.ai/

SPSS 26 IBM https://www.ibm.com/analytics/spss-

statistics-software

CSD toolbox J€urgen Kayser, Columbia University https://psychophysiology.cpmc.columbia.

edu/Software/CSDtoolbox/

BIDS imaging format Brain Imaging Data Structure https://bids.neuroimaging.io/

SPM anatomy toolbox Statistical Parametric Mapping,

neuroanatomy toolbox

https://www.fz-juelich.de/inm/inm-1/EN/

Forschung/_docs/SPMAnatomyToolbox/

SPMAnatomyToolbox_node.html

Juelich brain atlas Cytoarchitectonic brain atlas http://jubrain.fz-juelich.decytoviewer.php

ANT Advanced normalization tool http://stnava.github.io/ANTs/

Experimental hardware

Macaque MRI scanner Bruker BioSpin Vertical primate-dedicated 4.7 Tesla

Human MRI scanner Siemens Skyra 3 Tesla MRI scanner

Microelectrodes (macaques) MicroProbes Platinum/iridium parylene-C coated

microelectrodes

Microelectrodes (humans) Ad-Tech Medical Instrument Corp. Neurosurgical recording electrodes:

TG96N-NP03N-000, MS10R-IP10X-000,

IG32C-SP10X-0TB, SD12R-SP05X-000,

SD08R-SP10X-000, SD06R-SP10X-000,

FG23C-Sp10-Z000

Microstimulator (macaques) World Precision Instruments DS8000 and DLS 100 isolator

Microstimulator (humans) AM Systems Model 2200

Neural recordings and amplifier (macaques) Tucker-Davis Technologies TDT System running Synapse

Neural recordings and amplifier (humans) NeuraLynx ATLAS system

Deposited data

Experimental data Data generated by this study in macaques

(OSF, PRIME-DE, PRIME-RE repositories)

and humans (OSF and OpenNeuro)

https://osf.io/arqp8

https://fcon_1000.projects.nitrc.org/indi/

indiPRIME.html

https://prime-re.github.io/

https://osf.io/arqp8

https://openneuro.org/
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RESOURCE AVAILABILITY

Lead contact
The lead contact for the study is Christopher I. Petkov: chris.petkov@ncl.ac.uk

Materials availability
This study did not generate new unique reagents.

Data and code availability
Themacaque and human datasets generated during this study are available as follows. For themacaque data: Open Science Frame-

work https://osf.io/arqp8, PRIMatE Data Exchange https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html and PRIMatE Resource

Exchange: https://prime-re.github.io/. For the human data: Open Science Framework https://osf.io/arqp8 or Open Neuro https://

openneuro.org/. This study did not generate unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Macaque subjects
All the nonhuman animal work and procedures were approved by the university Animal Welfare and Ethical Review Body and UK

Home Office. The work complies with the revised UK Animal Scientific Procedures Act (1986), the US National Institutes of Health

Guidelines for the Care and Use of Animals for Experimental Procedures andwith the European Directive on the protection of animals

used in research (2010/63/EU). We support the principles on reporting animal research stated in the consortium on Animal Research

Reporting of In Vivo Experiments (ARRIVE). All persons involved in animal handling and procedures were certified and the work was

strictly regulated by the UK Home Office.

Two male rhesus macaques (Macaca mulatta) from a group-housed colony were scanned awake with combined electrical stim-

ulation and fMRI (M1 and M2, 10 and 12 years old, weighing 12.2 and 12.6 kg, respectively). The pen sizes in the colony range from

1303 240 cm to 2153 240 cm. They are 230 cm high, and hatches between neighboring cages are used to increase the space avail-

able to the animals. Given the ethical sensitivities involved in studying nonhuman primates and the 3Rs principles (one of which is on

the Reduction of animal numbers), our work requires using the fewest monkeys possible. A sample size of two is common in neuro-

science work with macaques provided that results are robust with each individual and that the effects generalize beyond one animal.

Given that our results from several hundred trials and many scanning runs with each animal are statistically robust and consistent in

the overall pattern of effects between the animals (i.e., no significant interactions of monkeys as a factor with the reported patterns of

es-fMRI results) there was little ethical justification to test additional monkeys.

Human subjects
Patients with intractable epilepsy requiring chronic invasive monitoring as part of their clinical treatment participated: n = 30; male =

19, female = 10; age range: 13 - 59 years old; median age = 33 years; handedness: right dominant = 22, left = 6, mixed = 2. All exper-

imental procedures were approved by university Institutional Review Board and written informed consent was obtained from all

subjects. Depth and subdural surface platinum electrodes (Ad-TechMedical Instruments) had been implanted for clinical monitoring.

The patients’ demographic information and treatment outcomes are shown in Tables S3 and S4.

METHOD DETAILS

Macaque es-fMRI procedure
The electrical stimulation procedure used in this work is based on methodology developed in prior macaque es-fMRI studies (Log-

othetis et al., 2010; Petkov et al., 2015; Tehovnik et al., 2006; Tolias et al., 2005). Here, the procedure was conducted on awakemon-

keys in absence of alterations due to anesthetics (Ekstrom et al., 2008; Moeller et al., 2008) to allow more direct comparison with

awake human es-fMRI data.

Prior to the experiments, an MRI-compatible PEEK head post and chamber were implanted stereotaxically during an aseptic pro-

cedure under general anesthesia. The chamber was positioned over the right hemisphere to provide access to posterior auditory

cortex, including fMRI tonotopically localized fields A1 and the posterior area adjoining the border between belt fields CL and CM

(Figure 2).

During each scanning session, a custom-made PEEKmicrodrive was used to advance the stimulating electrode to auditory cortex.

Monopolar electrical stimulation was induced through platinum/iridium microelectrodes coated in parylene-C (Microprobes, Gai-

thersburg, Germany), with a typical impedance of 100-200 kU (electrodes with impedance below 75 kU were not used). The stimu-

lating electrode location in auditory cortex was confirmed via MRI structural scans and sound-evoked neurophysiological responses

as in previous studies (Petkov et al., 2015), using a TDT system running Synapse (Tucker-Davis Technologies, Alachua, FL). The
e2 Neuron 109, 852–868.e1–e8, March 3, 2021
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experiment was controlled by MATLAB software (MathWorks, Natick, Massachusetts, US) running the Psychophysics Toolbox, in-

teracting with the hardware connected via a LabJack interface device (LabJack Measurement and Automation). The experimental

computer triggered each MRI scan.

The target sites were electrically stimulated using a World Precision Instruments (DS8000) waveform generator with an electrical

stimulus isolator unit (DLS 100). The systemdelivered a constant-current, charge-balanced electrical pulse of either 0.5 or 1mA (fixed

within a stimulation session) at a repetition rate of 200 Hz (within 5 pulse periods; Figure 2A). Each biphasic-square-wave pulse had

0.2 ms duration. The stimulation and MRI scanning timing paradigm are shown in Figure 2B. Electrical stimulation was randomly

induced in 50%–70% of the scanning trials with the others containing no stimulation, acting as the baseline point of reference.

Functional MRI measured the blood oxygen level dependent (BOLD) signal, using an actively shielded vertical primate-dedicated

4.7 Tesla MRI scanner (Bruker BioSpin, Ettlingen, Germany). The monkeys had been slowly acclimated over several months with

reinforcement training to work in the primate scanning chair and with the required periods of head immobilization during fMRI (Rinne

et al., 2017). They were scanned awake under head immobilisation while conducting a visual spot fixation task (Wilson et al., 2015).

A custom 4-channel surface receiver coil array and a saddle transmitter coil were used forMRI acquisition (WKScientific, California

USA). Functional data were obtained using a gradient-recalled echo planar imaging (GE-EPI) sequence, with the following parame-

ters: echo time (TE) = 20 ms; volume acquisition time (TR) = 2000 ms; flip angle = 90 degrees; 32 slices, in plane with a field of view

(FOV) of 10.73 10.7 cm2, on a grid of 883 88 voxels. Voxel resolution was 1.23 1.23 1.3 mm3 covering much of the brain. A sparse

fMRI acquisition paradigm was used to minimize the interference caused by the scanner noise on the auditory cortex response (Hall

et al., 1999; Petkov et al., 2009); a single T2* weighted MRI volume was acquired after the electrical stimulation or no-stimulation

periods for each trial. The onset of the volume lagged by �4 s to account for the lag in the hemodynamic response (Baumann

et al., 2010); namely the stimulation period started 6.4 s prior to the MRI volume onset and lasted for 3 s (5 repeats of the alternating

200 ms stimulation and 400 ms no-stimulation period, see Figure 2B). Each trial lasted approximately 10-13 s. The number of trials

obtained for each scanning run and animal were 60 for M1 and 120 for M2. The numbers of scanning runs analyzed were 20 (9 in M1;

11 in M2) for Site 1 stimulation and 17 (8 in M1; 9 in M2) for Site 2, see Figure 2.

Anatomical images, including those for helping to visualize the electrode position, were acquired at the beginning and end of each

experimental testing session using magnetization-prepared rapid gradient-echo (MP-RAGE) sequences. Typical sequence param-

eters were: TE = 20 ms; inversion time, TI = 750 ms; TR = 2000 ms; 50 slices with in-plane field of view: 10.73 10.7 cm2 on a grid of

140 3 140 voxels. The voxel resolution was 0.75 3 0.75 3 0.75 mm3.

Macaque es-fMRI processing
We performed General Linear Analysis using FEAT in FSL (Smith et al., 2004; Woolrich et al., 2009). We contrasted the BOLD re-

sponses during stimulation and non-stimulation trials. Each scanning volume in this sparse imaging paradigmwas assigned to either

the stimulation or no-stimulation conditions. Brain extraction used the BET function in FSL, and the fMRI image series were motion

corrected and realigned within a given testing session using FLIRT (typically 9 or 12 degrees of freedom affine transformation with the

normalized mutual information option). The motion parameters were used as regressors of no interest in the fMRI analyses. The data

were smoothed with a Gaussian kernel 2 mm Full Width Half Maximum (FWHM). For registration of the fMRI time series, the

T2-weighted scans were registered to the animal’s session mean functional scan covering the brain. This scan was then registered

to the animal’s session anatomical and then to its high-resolution anatomical scan. Finally these scans were registered to amacaque

template brain (McLaren et al., 2009), which is in register to a macaque atlas in stereotactic coordinates (Saleem and Logothe-

tis, 2012).

Human es-fMRI procedure
Details of the human es-fMRI procedure and safety testing are also available elsewhere (Oya et al., 2017). Briefly, the human subjects

in this study were scanned awake and passively. In this study, we focused on data from auditory cortex stimulation with combined

fMRI. Pre-electrode implantation T1-weighted and T2-weighted structural MRI images were obtained at 3 Tesla (GE Discovery 750W

scanner, 32 channel head coil): T1w inversion recovery fast spoiled gradient recalled (BRAVO) sequence, 1.03 1.03 0.8 mm3 voxel

size, TE = 3.28 ms, TR = 8.49 ms, TI = 450 ms, FOV = 240 mm3, flip angle = 12 degrees; T2w: 3-D fast spin-echo (CUBE) sequence,

1.0 3 1.0 3 1.0 mm3 voxel size, TE = 77.21 ms, TR = 3200 ms, TI = 450 ms, FOV = 256 mm3, flip angle = 90 degrees.

During es-fMRI scanning sessions, structural T1-weighted images were obtained using a Siemens Skyra 3 Tesla scanner

(MPRAGE sequence with 1.0 3 1.0 3 1.0 mm3 resolution, TE = 3.44 ms, TR = 1970 ms, TI = 1000 ms, Flip angle = 10 deg. ,

FOV = 250 mm3). A transmit and receive head coil was used for es-fMRI sessions to obtain both structural and functional scans.

Gradient-echo, echo-planar imaging (GE-EPI) was used to obtain the T2* weighted BOLD scans (TR = 3.0 s, TE = 30 ms, slice thick-

ness = 3.0 mm, FOV = 220 mm3, flip angle = 90 degrees, Phase encoding lines = 68).

Stimulus isolators were used for electrical stimulation, connected to two of the available intracranial electrode contacts. Stimulus

waveforms were computer controlled and electrical stimulation was induced via an optically isolated stimulation unit (AM Systems,

Model 2200). The control computer received and timed the electrical stimulation via a trigger from the scanner indicating the start of

each EPI volume acquisition. Stimulation was bipolar using adjacent contacts (inter-contact distance was 5 or 10 mm) with stimulus

intensity between 9-12 mA using constant-current electrical stimulation. In-vivo impedance of the electrode contacts ranged from

1.5 kU to 5.5 kU at 100 Hz for both depth (cylindrical) and surface (disk) electrode contacts. Electrical stimulus waveforms were
Neuron 109, 852–868.e1–e8, March 3, 2021 e3
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charge-balanced biphasic square waves (0.2 and 0.6 ms duration) with a 0.2 ms inter-stimulation pulse period at 100 Hz repetition as

illustrated in Figure 3B. Stimulation was delivered in blocks of 7 or 9 pulses repeated for 10 consecutive TRs followed by a 30 s no-

stimulation baseline period. Each scanning run contained 10 stimulation and 11 no-stimulation blocks. Overall, 42 es-fMRI runs in 19

patients were available for this study (Table S3). Stimulated sites in all of the individuals’ brains are shown in Figure S2.

Stimulation site categorization procedure
The stimulation sites in the human es-fMRI (and the electrical tractography, see below) were divided into two categories: 1) postero-

medial HG sites (medHG); and 2) antero-lateral HG sites which included some sites on the planum temporale (latHG+PT). The number

of es-fMRI runs with Site 1 stimulation and Site 2 stimulation were 23 and 19, respectively.

The two sites were categorized according to the electrophysiological responses to click sounds presented at different rates

(Brugge et al., 2008). Click trains of various repetition rates (0.2 ms square pulse, 25, 50, 100, 150 and 200 Hz, 50 presentations

for each condition) were presented to the subject through earphones (ER4B Etymotic Research) binaurally fitted in custom-made

ear-molds. The intracranial neurophysiological signal was recorded with an ATLAS system (NeuraLynx) at a sampling rate of 2

kHz (0.1 - 500 Hz acquisition filter). Raw (wideband) averaged potentials were calculated. The wideband averaged potentials

were subsequently bandpass filtered centered at the click repetition rate (Windowed FIR filter with tap length of 250 sampling points,

passband width 8 Hz). If averaged evoked potentials in response to click trains showed short-latency (< 20 ms) waveform compo-

nents and a frequency-following response to the 50 Hz or higher click rate, that contact was categorized as Site 1 (medHG). This is

because the typical distribution of these sites are in the posterior to medial part of HG (Brugge et al., 2008). If the click-train induced

averaged potentials showed clear wideband auditory evoked potentials but failed to show a strong frequency-following response,

that site was categorized as Site 2 (latHG+PT); these types of responses are more typical in higher-order auditory regions including

the antero-lateral parts of HG and planum temporale, see Figure S2B.

Electrode localization procedure
The location of the implanted electrodes was determined by comparing pre- and post-electrode implantation structural T1w MRI

scans. To compensate for potentially significant displacement of the electrode due to postoperative brain shift, post-implantation

volumes were non-linearly warped into pre-implantation MRI volume space using a thin-plate spline (TPS) procedure with manually

selected control points for the electrodes in three-dimensional space (Oya et al., 2017, 2018). Between 50 and 100 control points

throughout the brain were selected in this step. Contact coordinates in the subject’s original space were transformed to standard

MNI space using affine transformation and surface-based non-linear transformation implemented in FreeSurfer (Fischl, 2012).

For surface grid electrodes, the locations of all grid contacts were identified in a postoperative CT scan. This was accomplished by

manually identifying the location of a subset of contacts in the grid on the basis of the characteristic hyper-intense radiological ar-

tifacts. Identified contacts included the depth electrode contacts or the full 64- or 96-grid fitted to these locations by TPS warping,

using a negligibly small regularization parameter. Applying TPS allowed the non-linear deformation of the grid to be approximated.

Accuracy of fitting was evaluated by visually comparing fitted contact locations with the contact artifacts in the CT and by verifying

that inter-contact spacing fell within 0.2 mm of the expected 5-10 mm contact spacing.

After the initial grid locations were determined using CT, these were further corrected using a pre-explantation MR scan. Because

displacement of brain parenchyma related to electrode mass-effect and post-operative swelling is often difficult to evaluate accu-

rately on the CT scan, the results of CT-based localization were compared against a T1w MR scan obtained shortly before explan-

tation. When significant discrepancy (greater than approximately 2 mm) was observed between CT-derived contact locations and

corresponding magnetic susceptibility artifacts in the MR scan, a rigid linear transform was used to adjust grid positioning on the

basis of clearly identifiable electrode-related artifacts in the MRI scan. The corner contacts were used as control points in this trans-

formation. Individual T1w structural volumes were warped onto the CIT168 template brain (registered in MNI space, NeuroVault) with

ANTs symmetric normalization algorithm (Cox, 1996; Tyszka and Pauli, 2016) and the contact coordinates in the original space

warped onto the CIT168 template yielded the MNI coordinates used in this study.

Human es-fMRI data processing
The anatomical and functional imaging data were pre-processed using the fMRIPrep pipeline (Esteban et al., 2019).

Anatomical image preprocessing
The high resolution T1w image was corrected for intensity non-uniformity using ‘N4BiasFieldCorrection‘ andwas used as a reference

image throughout the workflow. The T1w-reference was then skull-stripped using ‘antsBrainExtraction.sh‘ (ANTs 2.2.0) with the

OASIS template as a target (Cox, 1996). Spatial normalization to the ICBM 152 Nonlinear Asymmetrical template version (2009c)

was performed through nonlinear registration with ‘antsRegistration‘, using brain-extracted versions of both the T1w and template

brains. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was performed on the brain-

extracted T1w using FAST in FSL.

The subject’s pre-electrode implantation structural MRI and the template brain (MNI-152-NonLinear-2009c Asymmetrical brain)

were processed with FreeSurfer ‘recon-all’ procedure to create the surface mesh. For improved pial surface reconstruction, cortical

parcellation was facilitated by the T2w structural scans (1.0 3 1.0 3 1.0 mm3) obtained during the same imaging session whenever
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possible. For mapping the BOLD and electrophysiological response onto the brain surface, the FreeSurfer surface meshes were

further processed with AFNI’s @SUMA_Make_Spec_FS to create standard icosahedron surfaces with various mesh densities.

Functional data preprocessing
For each of the es-fMRI runs per subject, first a reference volume and its skull-stripped version were generated using fMRIPrep. The

T2*-weighted reference was then co-registered to the T1w reference using FLIRT in FSL with the boundary-based registration cost-

function. Co-registration was configured with nine degrees of freedom to account for T2*w distortions. Head-motion parameters with

respect to the BOLD reference (transformation matrices, and the six rotation and translation parameters) were estimated before any

spatiotemporal filtering using FLIRT in FSL. EPI scans were slice-time corrected using ‘3dTshift‘ from AFNI (Cox, 1996). The BOLD

time-series (including slice-timing correction when applied) were resampled onto their original, native space by applying a single,

composite transform to correct for head-motion and susceptibility distortions. The BOLD time-series were then resampled to the

MNI-152-NonLinear-2009cAsymmetrical standard space. Several confounding time-series were calculated based on the prepro-

cessed BOLD: framewise displacement (FD), DVARS and three region-wise global signals. FD and DVARS are calculated for

each functional run, both using the implementation in Nipype @power_fd_dvars.

The three global signals, CSF,WMandwhole-brainmasks were extracted, though not used as nuisance regressors. Additionally, a

set of physiological regressors were extracted to allow for component-based noise correction (CompCor). Principal components

were estimated after high-pass filtering the preprocessed BOLD time-series (using a discrete cosine filter with 128 s cut-off). We

also defined two CompCor variants: temporal (tCompCor) and anatomical (aCompCor). Six tCompCor components were also calcu-

lated from the top 5% voxel variability within a mask covering subcortical regions. This subcortical mask was obtained by heavily

eroding the brain mask, which ensured it did not include cortical gray matter. The head-motion estimates calculated in the motion

correction step were also added to the confounding variables file. All resampling was then performed using a single interpolation

step by composing all the pertinent transformations (i.e., head-motion transform matrices, susceptibility distortion correction,

when available, and co-registration information to anatomical and template spaces). Gridded volumetric resampling was performed

using ‘antsApplyTransforms‘ (ANTs), configured with Lanczos interpolation to minimize smoothing effects (@lanczos).

The above fMRIPrep processing pipeline generally yielded good registration between anatomical and functional imaging data, even

with signal dropout due to the intracranial electrodes. Ifmisalignmentwas obvious in the visual inspection of EPI to T1w registration or as

reported in fMRIPrep, a further registration stepwas implemented. Here, the functional datawas clipped in the sagittal plane discarding

parts of the functional data that had significant signal dropout and this volumewas used for finding the coregistration parameters using

AFNI’s ‘align_epi_anat.py’ programwith normalizedmutual information as a cost function. During this step, the part of the brain contam-

inated with the intracranial electrodes was not used for coregistration and this yielded safisfactory coregistration.

Human electrical stimulation tract-tracing (esT)
Electrical stimulation neurophysiological tractography (esT) was conducted in human patients (n = 13, Table S3) according to general

methods described previously (Brugge et al., 2003; Garell et al., 2013). Here, we used a single constant current electrical stimulation

pulse (biphasic charge-balanced square wave, duration = 0.2 ms/phase, 9 or 12 mA). The electrical pulses were delivered through

stimulus isolators connected to the intracranial electrodes in a bipolar configuration (always connected to adjacent contacts). The

inter-stimulus interval was set to 2 s and repeated 60 times. The intracranial EEG signal was recorded using the ATLAS system

(NeuraLynx) with a sampling frequency of 8 kHz. A disk contact in the subgaleal space was used as a reference electrode for the

recordings. Stimulated sites included HG, STG, VLPFC and hippocampal contacts. Average potentials were calculated for each con-

tact after rejecting trials that contained large amplitude non-physiological signals after applying a high-pass filter (4th order

Chebyshev type 2,�6 dB roll-off at 3 Hz) and de-meaning the potentials. The trial exclusion criterion for rejection was a signal greater

than 3 times the interquartile range above the 75th percentile of the amplitude distribution.

Spline-Laplacian correction
A Laplacian procedure was applied to reduce non-specific neurophysiological or electrical stimulation effects evident as cross-

correlated potentials common to many electrodes from a common source or far-field potentials (Nourski et al., 2013; Nunez and Pil-

green, 1991). This procedure spatially corrects the average potentials after spline interpolation. The Laplacian operation is a spatial

high-pass filter (second derivative) and the resulting potentials are reference independent and de-emphasize far-field effects or those

from volume conduction. For depth electrode potentials, a 1-dimensional spline-Laplacian was calculated using the inter-contact

distance information to calculate the spline-Laplacians. To calculate spherical spline-Laplacians (Carvalhaes and de Barros,

2015; Kayser and Tenke, 2015; Perrin et al., 1989). For potentials from surface grids and strip electrodes, we used the spherical co-

ordinates corresponding to each contact’s MNI coordinates based on FreeSurfer’s spherical surface mapping (Fischl, 2012). The

regularization parameter for spherical surface spline-Laplacian computation was determined by generalized cross-validation

(Carvalhaes and de Barros, 2015) and the spline-flexibility parameter was set to 3. The magnitude of esT responses was quantified

by comparing the root mean square (RMS) values of the Laplacian transformed waveforms between the post-stimulation period

(10 - 200 ms after stimulation onset) and pre-stimulation period (�500 to �10 ms) prior to the electrical stimulation pulse. To reduce

the effect of response magnitude variability on the across-run average potentials, the individual-run laplacian waveforms were

normalized with respect to their RMS values within 10 - 300 ms after the onset (not incuding the stimulus artifacts).
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esT movie creation method
Tomake themovies, continuous intracranial recordings were cut into trials (�1 to 1 s around electrical stimulation). The following pro-

cedure that we used yields similar results to one extracting high-frequency power (gamma and high-gamma band), but it avoids the

need for temporal band-pass filtering and frequency decomposition. Stimulation artifacts (�5 to 5 ms from stimulation) were first re-

placed with the time-reversed waveform of the same length (10ms) during an artifact free pre-stimulus period (�10 to�5ms). Then a

peri-stimulus waveform of 12 ms duration (�6 to 6 ms) was smoothed twice with median filters (length 3 ms, followed by 5 ms). This

process was done for all single-trial waveforms. The trials were then re-referenced to the average of the surface grid contacts, to

reduce the volume conducted artifact waveforms common across the recording surface grid. To extract induced responses (not

phase-locked components), each channel’s averaged potential in the re-referenced signal was subtracted from the single trials in

that channel (Sinai et al., 2009). Induced responsemagnitudewascalculated by taking the trial averageof the full-wave rectified signal.

The magnitude of stimulation-induced responses was calculated by taking the logarithm of the ratio of the magnitude in the pre-

stimulus period (0.5 to 0.3 s before stimulus onset) and post-stimulus period. This yields the relative magnitude change with respect

to the pre-stimulus period in dB. To make the movies, averaged induced responses of the surface contacts were calculated for non-

overlapping temporal windows (length 5 ms), then color-coded and plotted onto the MNI template brain for each experimental run

and temporal window.We employed bootstrapping (1000 iterations) of themean activity within 5 ms temporal windows from the pre-

stimulus period (55 to 7.5ms before stimulation onset) and thresholded the response at the lower and upper 2.5%points. Responses

not exceeding this threshold were set to 0 and thus were notmapped to the brain surface. For patients who hadmultiple esT sessions

for either medHG or latHG sites, we averaged responses for each site separately to create the movies (Videos S1 and S2).

Speech sound recording experiment and processing
To examine the brain’s effective connectivity under a natural sensory stimulation setting, we examined neurophysiological responses

to speech sounds. Many of the subjects were the same neurosurgical patients (n = 8) who took part in the electrical tractography

study (Tables S3 and S4).

Speech stimuli
The experiment used a speech presentation paradigm previously described (Nourski et al., 2017; Steinschneider et al., 2014). The

speech soundswere commonmonosyllabic consonant-vowel-consonant English words, e.g., ‘‘cat,’’ ‘‘dog.’’ All soundswere normal-

ized to the same rootmean square amplitude and edited to be 300ms in durationwith 5ms amplitude rise and fall times. Soundswere

delivered binaurally via insert earphones (ER4B, Etymotic Research, Elk Grove Village, IL, USA) integrated into custom-fit ear molds.

Sound delivery was controlled using Presentation software (Version 16.5 Neurobehavioral Systems). Altogether 240 presentation tri-

als were presented during two experimental blocks. The subjects were asked to press a button when they heard a target word (only

non-target word responses analyzed here) using their index fingers ipsilateral to the hemisphere from which the recordings

were made.

Event-related spectral LFP decomposition
Intracranial recording data were downsampled to 1000 Hz. The analysis of the neurophysiological responses focused on five fre-

quency bands: theta (4-8 Hz), alpha (8-14 Hz), beta (14-30 Hz), gamma (30-70 Hz) and high gamma (70-150 Hz) denoised using a

demodulated band transform-based algorithm (Kovach and Gander, 2016). Event-related spectral perturbations were calculated

by log-transforming the power for each center frequency and normalizing it to the baseline (mean power in the pre-stimulus reference

interval of �200 ms to �100 ms before stimulus onset). The waveforms were then averaged across trials.

QUANTIFICATION AND STATISTICAL ANALYSIS

Macaque quantification and statistical analysis
General Linear Modeling

We first preprocessed each scanning run using first-level analyses. Individual scanning runs with little evidence of the expected elec-

trically induced activity (at a liberal uncorrected threshold Z > 2.3) in auditory areas around the electrode or in auditory cortex in the

opposite hemisphere were not analyzed further. Group higher-level analyses were conducted combining all of the viable scanning

runs grouped by stimulation site (Site 1 or 2). Higher-level analyses were conducted using FLAME in FSLwith a significance threshold

at a cluster corrected (p < 0.05, Z > 2.8) level. FreeSurfer was used to project the results onto the surface-renderedmacaque template

brain (Fischl, 2012). Table S1 shows the anatomical regions with significant electrically induced es-fMRI activity (x, y, z in the ma-

caque atlas brain space) resulting from Site 1 or 2 stimulation. The contrast between Site 1 and Site 2 stimulation did not result in

any cluster corrected (p < 0.05) voxels.

Region of Interest analyses

ROI analyses used anatomically defined regions from themacaque atlas (Saleem and Logothetis, 2012) registered to amacaque tem-

plate brain (McLaren et al., 2009) and to each animal’s dataset. For VLPFC subregion analyses, we used anatomically delineated areas

44 and 45 from the atlas and FOP from prior work (Wilson et al., 2015). The FOP includes anatomical areas PrCO and the dysgranular

insula ventral to areas 44 and 45. It excludes area 6v, caudal to area 44, and somatosensory, gustatory and orbital frontal cortex areas.
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The MTL subregion analyses used anatomical regions corresponding to the PHG, entorhinal cortex (EC), subiculum (Sub), dentate

gyrus (DG) and the CA1, 3 and 4 subregions (CA2 was not used because it is not available in the human brain atlas). No voxels over-

lapped between ROIs. Polar plots using the ROIs (Figure 5) show the average positive BOLD peak Z-value across the scanning runs.

Statistical tests

Mixed-design ANOVA models were used to examine ROI effects. The statistical test was implemented in SPSS 24 (IBM Corp, USA)

and used scanning run ROI peak Z-values as the dependent variable, with between-subject factors of Monkey (M1, M2) and Species

(in the cross-species comparison: Macaque), within-subjects factors of ROI (VLPFC or MTL ROIs), Hemisphere (left or right) and

Stimulation site (Site 1 or 2) as covariate. We ensured that the data fit normality and equality of variance assumptions by using

rank-based normalization and reporting Greenhouse-Geisser corrected results as required.

Human quantification and statistical analysis
General Linear Modeling

The preprocessed functional datasets were subjected to univariate general linear model (GLM) analysis using AFNI’s 3dDeconvolve

routine. For the GLM analysis, functional data was spatially smoothed with a Gaussian kernel (FWHM= 6.0mm). Stimulus times were

convolved with a 1-parameter gamma function. Baseline detrending was applied with a Legendre polynomial (5 degrees). Volumes

(TRs) that showed large levels of motion (FD > 1.0 mm) across adjacent TRs were discarded. The first six tCompCor components

extracted above and the FD time-series were added to the baseline model as nuisance regressors.

A brain mask was created before spatial smoothing using intensity thresholded EPIs excluding areas of signal dropout from the

electrodes contributing to the fMRI analyses. The clinically determined seizure onset zone (SOZ) was also excluded from the brain

mask. If the SOZ affected any part of an ROI, the result for that run andROI was excluded from further analysis. We show an incidence

map in Figure S2C showing the data across the brain that were included.

For the higher-level group analysis we used AFNI’s ‘3dREMLfit’ (Cox, 1996). Datasets showing evidence of a response anywhere

within the brain mask (false-discovery rate corrected, Z > 2) were submitted to higher-level analysis (42 datasets out of 53 datasets).

Resulting statistical maps were subjected to multi-level mixed-effects analysis using ‘3dMEMA’. The first- and higher-level GLMs

were conducted in standard space (MNI-152-NonLinear-2009c Asymmetrical).

ROI analyses

Regions of interest analyses of the VLPFC and MTL used anatomically defined ROIs from standard anatomical atlases of the human

brain. The VLPFC subregion analyses included as ROIs areas 44 and 45, and the frontal operculum (FOP). For area 44 and 45, the

parcellation is based on the J€ulich histological (cyto- andmyelo-architectonic) atlas using a 25%probability threshold (Eickhoff et al.,

2005). The human FOP ROI is based on prior work (Wilson et al., 2015), and it includes the frontal operculum areas ventral to areas 44

and 45, excluding somatosensory, gustatory and orbital frontal cortex areas. The MTL subregion analyses used anatomical regions

corresponding to the following subregions: subiculum (Sub), dentate gyrus (DG) and the CA1, 3 and 4 subregions, using FreeSurfer’s

hippocampal subfield segmentation (v6.0) (Iglesias and Sabuncu, 2015). For the entorhinal cortex (EC) and parahippocampal gyrus

(PHG), we used FreeSurfer’s cortical segmentation (aparc+aseg files) from the Desikan-Killiany atlas. No ROIs had overlapping vox-

els. Polar plots (Figure 5) show the average positive BOLD peak Z-value, with variability across the scanning runs in the humans.

Statistical tests

Mixed-design ANOVA models were used to examine ROI effects. The statistical test used scanning run ROI peak Z-values as the

dependent variable, with between-subject factors of Human and Species (in the cross-species comparison: Human), within-subjects

factors of ROI (VLPFC or MTL ROIs), Hemisphere of activation (left or right) and Stimulation site (Site 1 or 2) and Stimulated hemi-

sphere (left or right) as covariates. We ensured that the data fit normality and equality of variance assumptions of themodels or trans-

formed the data to achieve normal distributions and report Greenhouse-Geisser corrected results as required.

Catboost classification analysis
Cross-species and hemispheric es-fMRI ROI tests

Mean Z-scores across the individual runs within all of the ROIs in the monkey and human data were used for the classification anal-

ysis. The data were centered and normalized with respect to their mean and standard deviation for both species to remove response

magnitude difference between the species and among ROIs. The machine learning algorithm used was Catboost, which is based on

gradient boosting on decision trees (Prokhorenkova et al., 2017). We used 200 iterations with an automatic learning rate with trees of

depth 4. Its performance was assessed with cross-validation (10-fold, 100 times). The importance of each feature and ROI for the

classification was also derived from the model by calculating the change in loss function (log-loss) when removing each feature

from the model. We also performed the same analysis using data with shuffled labels (human-versus-monkey, 1000 times). The

importance of each feature using the actual dataset was compared with that from the shuffled data and the 95% point was used

to assess significance. Mean feature importance for each ROI and their standard errors are reported (Figure S6).

Species classification

Overall mean species classification accuracy over 100 10-fold cross validation runs was 73.7% (SD = 1.6%). We also performed the

same analysis using data with shuffled labels (human-versus-monkey, 1000 times). Mean and standard deviation of the accuracy of

the shuffled data analysis was 50.1% and 5.3%, see Figure S6A.
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Response hemispheric laterality classification

We also conducted the classification of response hemisphere to see whether the classifier could discriminate the hemisphere from

which the data was obtained. For this, the classifier was built separately to analyze the human and monkey data. Significance of the

variable importance was assessed in the same manner as above. Classification accuracy for human and monkey data was 67.0%

and 47.3%, respectively, and significantly differed across species (t test, p < 10�10; Figure S6B).

Vocal motor-related analyses
Vocal motor-related ROIs

The macaque cingulate cortex areas (anterior, middle and posterior) and areas 8, 6v, 6d, M1 and SMA were used from the Saleem

and Logothetis macaque atlas linked to the template brain (Saleem and Logothetis, 2012). For the human brain, primary motor, ante-

rior, middle and posterior cingulate cortex ROIs were defined using the Jurich-Zilles macro-label parcellation in MNI space (Eickhoff

et al., 2005). Human area 6v parcellation was from (Neubert et al., 2014), and area 6d, primary motor cortex and SMA (areas 6ma and

6mp) were from the Julich-Brain cytoarchitectonic atlas (Amunts and Zilles, 2015). Since there has been a discrepancy in defining the

human homolog of the frontal eye fields (which in macaques is within area 8), putative frontal eye-fields in humans seem to be at the

junction of the precentral sulcus and the superior frontal sulcus (Hutchison et al., 2012; Koyama et al., 2004; Lobel et al., 2001; Petit

and Pouget, 2019). Therefore, for this region in humans, we used a probabilistic inferior frontal junction parcellation from the SPM

anatomy toolbox (Eickhoff et al., 2005). For this reason, there is unavoidable overlap between parts of the human area 6v and the

area 8 ROIs. For the ROIs provided with probability maps, the threshold was set to 0.25.

State-space Conditional Granger Causality (CGC) analysis
CGC was used to investigate the directional influence between brain regions during speech processing. The method is multivariate

and conditional, in the sense that simultaneous time series from a collection of electrodes are included in order to account for both

direct and indirect influences between contacts. Intracranial recordings were downsampled to 100 Hz and sectioned into trials from

�200 to 1000 ms relative to sound onset. Intuitively, CGC tests if activity in a source area can be used to predict subsequent activity

on a target area. We estimated spectral CGC in 500 ms sliding windows in steps of 50ms to construct trial-averaged time-frequency

CGC representations between selected pairs of electrodes (Jenison, 2014). Prior to time-frequency CGC analysis, the mean at indi-

vidual time points across trials was subtracted from the single trial responses and then scaled by the standard deviation.

Several significant problems arise in applying standard Vector Auto-Regressive (VAR) based CGC models to intracranial record-

ings, which are related to downsampling and nonstationarities (Seth et al., 2015). Most of these recorded time-series contain a mov-

ing-average (MA) component that may not be adequately modeled using VAR due to the intractably large model order necessary to

handle the MA component. It has been shown that spectral CGC estimates can be obtained with high computational reliability using

estimation approaches based on singlemodel-fits. The state-spacemodel addresses a number of theoretical and practical problems

related to spectral CGCestimation, e.g., see (Barnett et al., 2018). Spectral CGCwas directly computed usingGeweke’s formulations

based on the estimated state-space innovations covariance matrix (Geweke, 1982; Geweke, 1984), cross-spectral densities and

transfer functions (Barnett and Seth, 2015; Solo, 2016).

State-space models use state variables to describe a system by a set of first-order differential or difference equations, rather than

by one or more VAR nth-order differential or difference equations. State variables can be reconstructed from the measured record-

ings but are not themselves measured during an experiment. For modeling directional influence in the brain, it is possible to directly

express the interactions between different regional signal time series as a state-space model defined by:

x!ðt + 1Þ = A x!ðtÞ+K ε
!ðtÞ state transition equation (Equation 1)
y!ðtÞ = C x!ðtÞ+ ε
!ðtÞ observation equation (Equation 2)

where x!ðtÞis an unobserved (latent) m-dimensional state vector, and ε
!ðtÞ is the vector of the innovations or prediction errors. The

observed vector of time-series y!ðtÞ corresponds to the recordings from regions in the targeted network. The state transition matrix

A, observation matrix C and the steady-state Kalman gain matrix K are estimated using a subspace method (Van Overschee and De

Moor, 1993). Subspacemethods are optimal for state-spacemodel parameter estimation, especially for high-ordermultivariable sys-

tems (Becker et al., 2018). The order of the state-space model was 25, which corresponds to the vector size of x!ðtÞ.
To statistically evaluate the reliability of the connectivity results we used a phase-randomization surrogate data technique to

construct a null distribution (Lancaster et al., 2018; Prichard and Theiler, 1994). Thismethod consists of randomly shuffling the Fourier

phases of each of the intracranial recordings, which generates uncorrelated data with preserved autocorrelation properties. For each

original dataset, 500 surrogates were generated, and CGC values that exceeded the 95% threshold were unmasked in the time-fre-

quency representations.
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