NeuroImage 270 (2023) 119959

Contents lists available at ScienceDirect

Neurolmage

Neurolmage

journal homepage: www.elsevier.com/locate/neuroimage

Towards an optimization of functional localizers in non-human primate R

Check for

neuroimaging with (fMRI) frequency-tagging et

Marie-Alphée Laurent®'-*, Pauline Audurier®', Vanessa De Castro®, Xiaoging Gao®,
Jean-Baptiste Durand?®, Jacques Jonas®4, Bruno Rossion®? Benoit R. Cottereau "

a Université de Lorraine, CNRS, CRAN, F-54000 Nancy, France

b Centre de Recherche Cerveau et Cognition, Université Toulouse 3 Paul Sabatier, CNRS, 31052 Toulouse, France
¢ Center for Psychological Sciences, Zhejiang University, Hangzhou City, China

dUniversite de Lorraine, CHRU-Nancy, Service de neurologie, F-54000, France

ARTICLE INFO ABSTRACT

Keywords: Non-human primate (NHP) neuroimaging can provide essential insights into the neural basis of human cognitive
Face recognition functions. While functional magnetic resonance imaging (fMRI) localizers can play an essential role in reaching
Macaque this objective (Russ et al., 2021), they often differ substantially across species in terms of paradigms, measured
f]ll\;[ff)ln signals, and data analysis, biasing the comparisons. Here we introduce a functional frequency-tagging face local-

izer for NHP imaging, successfully developed in humans and outperforming standard face localizers (Gao et al.,
2018). FMRI recordings were performed in two awake macaques. Within a rapid 6 Hz stream of natural non-face
objects images, human or monkey face stimuli were presented in bursts every 9 s. We also included control condi-
tions with phase-scrambled versions of all images. As in humans, face-selective activity was objectively identified
and quantified at the peak of the face-stimulation frequency (0.111 Hz) and its second harmonic (0.222 Hz) in the
Fourier domain. Focal activations with a high signal-to-noise ratio were observed in regions previously described
as face-selective, mainly in the STS (clusters PL, ML, MF; also, AL, AF), both for human and monkey faces. Robust
face-selective activations were also found in the prefrontal cortex of one monkey (PVL and PO clusters). Face-
selective neural activity was highly reliable and excluded all contributions from low-level visual cues contained
in the amplitude spectrum of the stimuli. These observations indicate that fMRI frequency-tagging provides a
highly valuable approach to objectively compare human and monkey visual recognition systems within the same
framework.

Non-human primate
Frequency-tagging

With the emergence of functional magnetic resonance imaging
(fMRI), which can now be performed in both humans and macaques, it is

1. Introduction

For decades, the macaque monkey has been used to better under-
stand visual processing in humans as this animal model permits in-
vasive explorations of neural activity (e.g., from single or multi-unit
recordings), and the functional organization of the two species’ vi-
sual system is thought to be largely similar (Jacobsen et al., 1936;
Passingham, 2009; Krug and Parker, 2017). At the highest levels of vi-
sual processing, early electrophysiological studies revealed neurons re-
sponding selectively to faces in the macaque inferotemporal cortex (IT;
Gross et al., 1972; Perrett et al., 1982; for reviews of these early studies,
see Desimone et al., 1991), and it is generally believed that the char-
acterization of these neurons’ operations can clarify the neural basis of
human face recognition (Barraclough and Perrett, 2011).

* Corresponding authors.

henceforth possible to establish cross-species correspondence and iden-
tify homologous functional brain regions in the two species (Orban et al.,
2004; Vanduffel and Farivar, 2014). As a consequence, following the
identification of face-selective regions in the human occipito-temporal
cortex with functional magnetic resonance imaging (fMRI) (Puce et al.,
1995; see Sergent et al., 1992 for earlier neuroimaging studies with
positron emission tomography), functional localizers were developed
to identify and characterize face-selective regions in both humans
(Kanwisher et al., 1997; Haxby et al., 2000) and macaques (Tsao et al.,
2003; Pinsk et al., 2005; and also in marmosets Hung et al., 2015).
Subsequently, macaque face-selective regions have been explored us-
ing electrophysiological recordings or microstimulation to gain insight
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the cellular basis of primate face recognition (e.g., Tsao et al., 2006;
Moeller et al., 2008; Freiwald et al., 2009; Freiwald and Tsao, 2010;
Issa and DiCarlo, 2012; Taubert et al., 2015; Aparicio et al., 2016;
Chang and Tsao, 2017; Moeller et al., 2017; Taubert et al., 2018). This
specific line of research on the neural basis of primate face recognition
illustrates the importance of common functional localizers in fMRI to en-
hance cross-species neuroscience imaging research (Russ et al., 2021).

However, three decades of research have brought considerable vari-
ability between functional fMRI localizers employed in different studies,
within and across species, which greatly complicates the correspondence
between the obtained results. For instance, in humans, face localizers
differ in terms of many factors such as the contrasting stimuli, event
and block durations, task conditions (e.g., passive viewing or n-back
memory task), the brain volume measured, statistical criteria, etc. (e.g.,
Kanwisher et al., 1997; Haxby et al., 1999; Ishai et al., 2005, 2008;
Fox et al., 2009; Rossion et al., 2012; Weiner and Grill-Spector, 2013;
Zhen et al., 2015). Although systematic comparisons of the effects
of these variable factors are lacking, these differences undoubtedly
contribute to variations in the extent, localization, strength, and re-
liability of face-selective activations observed in the human occipito-
temporal cortex across studies (Duncan et al., 2009; Berman et al., 2010;
Rossion et al., 2012).

Interestingly, despite the much smaller number of research groups
performing fMRI recordings in macaques, face localizers also differ sub-
stantially across monkey studies regarding paradigm designs, measured
signals, and data analysis. Most of the time, experimental paradigms are
based on block-design contrasting face and non-face objects, although
event-related designs are used as well (Tsao et al., 2003; Pinsk et al.,
2005, 2008a,2008b; Hadj-Bouziane et al., 2008; Pinsk et al., 2009;
Bell et al.,, 2011; Russ and Leopold, 2015; Premereur et al., 2016;
Livingstone et al., 2017; Taubert et al., 2020, 2022). In addition, the
number of runs performed for each animal and the duration of these
runs can also vary substantially from one study to another. Altogether,
these differences may contribute to variability in the number, size,
and anatomical localization of face-selective clusters across studies. As
a matter of fact, while three then six face-selective regions were ini-
tially reported in the posterior, middle, and anterior parts of the su-
perior temporal sulcus (STS), either in its fundus or on its lower bank
(Tsao et al., 2003, 2008a), more recent studies revealed additional acti-
vations. These have notably been observed in the upper bank of the STS,
the perirhinal cortex, the entorhinal cortex, the parahippocampal cortex,
the amygdala, and the hippocampus, with up to ten face-selective re-
gions in the temporal lobe, varying across individual animals (Ku et al.,
2011; Fisher and Freiwald, 2015; Landi and Freiwald, 2017; Hesse and
Tsao, 2020).

In addition to these intra-species variabilities, there are important
inter-species differences between the typical face localizer paradigms
used in humans and macaques in terms of stimuli, tasks, durations,
and statistical criteria. For instance, while human faces are system-
atically used in human fMRI studies, either human (Freiwald and
Tsao, 2010) or monkey faces (Hadj-Bouziane et al., 2008; Bell et al.,
2009; Ku et al., 2011; Janssens et al., 2014; Fisher and Freiwald, 2015;
Hung et al., 2015; Arcaro et al., 2017; Livingstone et al., 2017) or
both (Tsao et al., 2003, 2008a,2008b; Pinsk et al., 2009; Issa and Di-
Carlo, 2012; Premereur et al., 2016; Taubert et al., 2020) are used in
monkey fMRI studies. Furthermore, although it has been claimed that
using human or monkey faces in face localizers performed in monkeys
has little influence on brain activations (Russ et al., 2021), with the ex-
ception of a few studies (Murphy and Leopold, 2019), no systematic
comparison has been performed to our knowledge. Another key fac-
tor that limits cross-species comparisons is that monkey fMRI record-
ings are almost systematically performed using a contrast agent (MION
or USPIO particles see e.g., (Rajimehr et al., 2009; Tsao et al., 2008a;
Janssens et al., 2014; Arcaro et al., 2020; Taubert et al., 2020) while hu-
man experiments rely on blood-oxygen-level dependent (BOLD) imag-
ing, with a different impulse response function (IRF; Leite et al., 2002).
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To circumvent these issues and contribute to developing common
fMRI functional localizers that will enhance cross-species neuroscience
imaging research (Russ et al., 2021), here we introduce a recently val-
idated functional face localizer in humans (Gao et al., 2018) for NHP
neuroimaging. As in the very first human fMRI studies on face percep-
tion (Puce et al., 1995, 1996), this face localizer is based on the principle
of frequency-tagging, with face-selective activity identified objectively
in the frequency spectrum at a periodic rate of face stimulation among
non-face objects (Gao et al., 2018, 2019). Compared to other face local-
izers, this paradigm does not require IFR modeling, and relies on widely
variable natural images (providing high ecological validity), for both
faces and non-face objects in order to naturally control for low-level
cues’ contribution to categorical differences (Rossion et al., 2015). Fur-
thermore, in humans, this paradigm shows a very high sensitivity and
test-retest reliability (Gao et al., 2018, see also Gao et al., 2019, 2022).

Here we characterized the set of face-selective regions, i.e., the cor-
tical face network, of two macaques using exactly the same paradigm
as previously used in humans, with natural photographs of objects and
faces. We also compared human to monkey faces and evaluated the pu-
tative contribution of low-level visual cues through a phase-scrambled
control. Moreover, the fast rate of stimulation ensured that only one gaze
fixation was performed on each stimulus, eliminating the contribution
of potential eye gaze exploration differences between species. From an
analysis in the Fourier domain, we identified face-selective clusters with
a high signal-to-noise ratio (SNR) in both monkeys, at typical locations,
and we demonstrated that our results are robust and reproducible. To
promote this new approach as a standard localizer of face-selective re-
gions in NHP, the experimental paradigm, stimuli, and analysis scripts
will be provided online (Open Science Framework) upon acceptance of
the paper.

2. Materials and methods
2.1. Subjects

Two female rhesus macaques MO1 and MO2 (age: 11-20 years;
weight: 5.30-6.15 kg) were involved in this study. This project received
authorization from the French Ministry of Research (MP/03,/04/10/09)
and was approved by a local ethics committee (CNREEA code: C2EA -
14). Animal housing, handling, and all the experimental protocols such
as surgery, behavioral training, and fMRI recordings were conducted
with respect to the European Union legislation (2010/63/UE) and to
the French Ministry of Agriculture guidelines (décret 2013-118). As re-
quired and recommended for primate welfare, each of the two animals
was housed in a social group of individuals in a spacious and enriched
enclosure and could thus develop species-specific behavior such as for-
aging and congeners delousing.

2.2. Visual stimulation

The stimuli used in the present study consisted of color images of
human faces, monkey faces, and non-face objects from a wide variety
of categories (e.g., houses, cars, animals, etc.; Fig. 1). The set included
natural images (i.e., unsegmented) of 100 different and non-famous hu-
man faces and 195 non-face objects images from the dataset created by
Rossion and colleagues at the Face Categorization Lab of the University
of Louvain, Belgium (from Gao et al., 2018). The monkey face images
were 89 natural photographs of rhesus macaques collected on the in-
ternet, thus unfamiliar to the macaque subjects. Each face image con-
tained only a single human or monkey face. Face and object images
significantly varied in size, lighting conditions, color, 3D orientation,
and background (Fig. 1). Unlike when using highly homogenous sets
of stimuli, this variability minimizes the contribution of low-level cues
to face-selective neural responses and ensures that these responses re-
flect generalization across variable exemplars (i.e., a category-selective
response; Rossion et al., 2018).
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Human faces

To further control for the potential contribution of low-level vi-
sual cues to category-selective responses, the stimuli were resized to
256 x 256 pixels and equalized in terms of intensity and contrast (aver-
ages values of 115 + 0.7 and 0.56 + 0.02 were used). Note that this last
procedure did not homogenize low-level differences between faces and
objects inside the global images (see Supplementary Fig. 1 for a char-
acterization of the low-level properties in these image sets). To ensure
full control of low-level properties, a phase-scrambled version of each
image was also created by randomizing the phase of the original im-
ages in the Fourier domain, as in previous human EEG (Rossion et al.,
2015; Gao et al., 2018) and monkey fMRI (Audurier et al., 2022) studies.
These scrambled images had the same low-level visual information (am-
plitude spectrum; e.g., Honey et al., 2008) as the originals, but without
any recognizable structure (Fig. 1).

2.3. MRI recordings

Recordings were performed on a 3 Tesla MR scanner (Philips
Achieva) using a dedicated custom 8-channel phased array coil (Rapid-
Biomed) specially designed to fit the skull of our animals while preserv-
ing their field of view.

2.3.1. Recordings for individual templates of reference

Four T1-weighted anatomical volumes were acquired during a sin-
gle session prior to the study for each monkey at a high resolution
(MPRAGE; repetition time, TR = 10.3 ms; echo time, TE = 4.6 ms,
flip angle = 8°; FOV: 155 x 155 mm; matrix size: 312 x 192 mm;
voxel size = 0.5 x 0.5 x 0.5 mm; 192 sagittal slices acquired in
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Fig. 1. Example stimuli. Our dataset contained natural pho-
tographs of human (upper rows) and monkey (middle rows)
faces and of non-face objects (lower rows). These stimuli dif-
fered in size, lighting condition, color, 3D orientation, and
background. Phase-scrambled versions of the images in the
Fourier domain (below each face and object image) were also
included as control conditions.

an interleaved order), as well as 300 functional volumes (gradient-
echo EPI; TR = 1500 ms, TE = 30 ms, flip angle = 75°, SENSE fac-
tor = 1.6; FOV: 100 x 100 mm; matrix size: 68 X 64 mm; voxel
size = 1.25 x 1.25 x 1.5 mm, 32 axial slices with a thickness of 1.5 mm
and no gap). For our two macaques, those volumes were acquired under
slight anesthesia (Zoletil 100:10 mg/kg and Domitor: 0.04 mg/kg) dur-
ing which the animal constants were monitored with an MR-compatible
oximeter. Anatomical and functional individual reference templates
were then built from those acquisitions (see Cottereau et al., 2017 for
more details).

2.3.2. Functional recordings

The functional recording sessions were performed on awake, behav-
ing macaques on a daily basis and lasted about 1 h (10-14 runs). The
animals were head-fixed, seated in a sphinx position within an MRI-
compatible primate chair facing a screen at a viewing distance of 55 cm.
Visual stimuli were projected on this screen at a spatial resolution of
1024 x 768 pixels and a frame rate of 60 Hz. They consisted of square
images (see above) of 14,6 x 14,6° of visual angle. The animals were
involved in a passive fixation task while the position of one eye was
monitored using an infrared video-based eye-tracking setup (Cambridge
Research). They were rewarded with water when their gaze was main-
tained within a central fixation window of 2 x 2°. During a run, images
of non-face objects were displayed in random order (without immediate
repetition of the same image) on the screen at a rate of 6 Hz (i.e., 6 im-
ages/sec), for 243 s (162 TRs). Every 9s (i.e., at F=0.111 Hz), seven ran-
domly selected images from the target category (human faces or monkey
faces) were presented. Importantly, these face images alternated with six
images of non-face objects for 2.167 s (Fig. 2) to avoid category (i.e.,
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Target Non target
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Faces
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Objects Objects

+ 25 cycles

1RUN
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+—— 1stcycle = 9§ ————— ——— 2nd cycle = 9§ ———»

Time

face) adaptation and maximize the contrast between faces and objects
(i.e., the face-selective response). Since bursts of faces were displayed
at a fixed frequency of 0.111 Hz, systematic deviations from the base-
line activity to non-face objects, i.e., face-selective responses, could be
directly extracted in the Fourier domain at this frequency (Regan, 1966;
see Gao et al., 2018; see also Puce et al., 1995 for an application of this
approach in the first fMRI face localizer study).

To assess the potential contribution of low-level visual cues in the
results (see the “Visual stimulation” section above), we also included con-
trol runs with phase-scrambled versions of faces and non-faces images.
These runs were acquired separately. The whole experiment (i.e., visual
display, eye monitoring, and water reward) was monitored using the
EventIDE software (Okazolab).

Functional images were collected with a T2* weighted gradient-echo
echoplanar imaging (EPI) sequence (TR = 1500 ms, TE = 30 ms, flip an-
gle =75°, SENSE factor = 1.6; multi-band (MB) = 2; FOV: 100 x 100 mm;
matrix size: 68 x 64 mm; voxel size = 1.25 x 1.25 x 1.5 mm).

2.4. Data processing

2.4.1. Anatomical and functional templates

Data collected during the anesthetized sessions were used to create
individual functional and anatomical templates. The anatomical tem-
plate was obtained by realigning and averaging the four T1-weighted
(MPRAGE) volumes. It was then aligned to the MNI space of the 112RM-
SL (McLaren et al., 2009, 2010). Cortical surface reconstructions were
performed using the CARET software (Van Essen et al., 2001). The func-
tional template was obtained by realigning and averaging the 300 func-
tional (GE-EPI) volumes. It was then aligned with the anatomical tem-
plate. Spatial normalization parameters (affine and non-rigid) between
the functional and anatomical templates were determined based on the
gray matter probability maps of both templates.

2.4.2. Preprocessing of the functional data

In order to minimize the influence of eye movements on BOLD signal
fluctuations, only runs with fixation rates above 85% were considered
for further analyses. For our two monkeys (MO1 and M02), we collected
20 runs for each condition of the face localizer (i.e., 20 runs with hu-
man faces and 20 with monkey faces). We also collected 14 control runs
with phase-scrambled versions of faces (7 runs with phase-scrambled
versions of human faces and 7 other runs with phase-scrambled ver-
sions of monkey faces) and non-faces objects. Fewer runs were recorded
in this case since, as shown below in the “Results” section, it was largely
enough to demonstrate that our face-selective responses were not driven
by low-level visual cues. The volumes of each run were first rigidly re-
aligned with each other, and a mean functional image of the runs was
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Fig. 2. Illustration of the Fast Periodic Visual Stimulation
localizer. The protocol is based on a rapid periodic presenta-
tion of visual stimuli at 6 Hz. At the beginning of each cycle of
9's, a “burst” of stimuli from the target category (illustrated in
red) is presented for 2.167 s. This burst contains seven faces
(e.g., monkey faces on the figure) alternating with six non-face
objects from the non-target category (illustrated in blue). Stim-
uli from the non-target category are presented for the rest of
the cycle. A run is composed of 27 cycles and lasts 243 s. In
gray, the expected BOLD response for a voxel selective to the
target category. This periodic category-selective response can
be objectively detected in the Fourier domain.

computed for co-registration with the functional template. All the in-
dividual images of the runs were then resliced to be brought into the
space of the animal’s anatomical space by combining (1) the individ-
ual rigid realignment parameters, (2) the affine co-registration param-
eters between the mean run image and the functional template, (3) the
predefined spatial normalization parameters (affine and non-rigid) be-
tween the functional and anatomical templates. Individual images were
also up-sampled at 1 mm isotropic voxels during the interpolation step.
Since we used multi-band fMRI sequences, no slice timing correction
was applied. To reduce noise in the recordings, a principal component
analysis (PCA) was performed on the time courses of voxels located out-
side the brain (see Vanduffel and Farivar 2014 or Héjja-Brichard et al.,
2020). Time courses in those voxels mostly reflect artifacts caused by
the movement of the animals and are independent of our experimental
design. For each run, the 20 first principal vectors were regressed out of
the data. All the preprocessing of the data was performed using MATLAB
software (MathWorks®).

2.4.3. Fourier analysis and amplitude of face-selective responses

For each condition, pre-processed fMRI data were first averaged
across runs in the volumetric space. The corresponding 243 s time
courses contained 27 cycles of our 9 s stimulus (see above). We re-
moved the first cycle (9 s) to discard start-up transients (see e.g.,
Cottereau et al., 2012), leading to average time-courses of 234 s (i.e.,
26 cycles of our stimulus) which were projected onto the individual
cortical surfaces using a trilinear interpolation along the surface nodes
(5 sampling points per node along their normal vector; from —0.5 mm
to +0.5 mm). The 5 functional time courses were averaged together in
a single mean time course attributed to the surface’s node. Data were
subsequently smoothed in the cortical surface space using an iterative
(n = 8) dilation process. The value at each node was estimated from the
average of the responses in its first-order neighborhood. Next, average
time courses in the cortical surface space were analyzed following the
procedure described in Gao et al. (2018). We performed a Fourier anal-
ysis using the FFT function in Matlab without windowing. This Fourier
analysis was performed on the entire 234 s time-courses and therefore
had a frequency resolution of 1/234 = 0.0043 Hz. Because our stimu-
lus period (9 s) was a multiple of our sampling rate (TR = 1.5 s) and
our analysis window contained a large (>10) and integer number of
stimulus periods (234 s = 26 cycles of 9 s), this approach avoids over-
spill artifacts and minimizes the influence of trend artifacts (Bach and
Meigen, 1999). The amplitude spectrum was directly derived from the
Fourier transform coefficients. We subsequently converted the ampli-
tudes at the face stimulation frequency (i.e., F = 0.111 Hz) and its
second harmonic (2F = 0.222 Hz) into Z-scores as in previous studies
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(McCarthy et al., 1994; Puce et al., 1995), using the mean and standard
deviation of the amplitude at neighboring frequencies:

Z —score = (Ag—un)/on

where Ag is the amplitude at the face frequency stimulation (or at
the second harmonic), uy and oy are the mean and standard devia-
tion across the corresponding 20 neighboring frequency bins (10 on
each side, with a bin width of 0.0043 Hz; e.g., Rossion et al., 2015;
Jonas et al., 2016). The overall Z-score was calculated by summing the
baseline-subtracted amplitudes at the stimulation frequency and the sec-
ond harmonic (Retter et al., 2021). This procedure was applied to the
time course of each cortical node independently.

2.4.4. Characterization of face-selective clusters

In each of our two macaques, we identified face-selective clusters
on the Z-scores maps estimated from the 40 runs of our (human and
monkey) face localizer. We only considered clusters with significant ac-
tivations in both hemispheres. The MNI coordinates (see Table 1) of
these clusters were given by those of their local maxima. Their Z-scores
(respectively amplitude spectra, see Fig. 3) were obtained by averag-
ing together the Z-scores (respectively amplitude spectra) of the local
maxima and their third-order neighborhoods on the cortical tessellation
(covered on average by 15 nodes).

To avoid double-dipping effects (Kriegeskorte et al., 2009) in our sta-
tistical comparison between responses to face stimuli and their phase-
scrambled versions, we defined a new set of face-selective clusters from
the Z-scores obtained in the odd runs. We then compared the Z-scores
obtained in these face-selective clusters during the even runs to those
obtained during the phase-scrambled controls. Responses to face stim-
uli were considered as significantly higher for differences of Z-scores
greater than 3.

To avoid double-dipping in the statistical comparison between re-
sponses to human versus monkey faces (see Fig. 7), we estimated the
Z-scores of responses to monkey faces within face patches defined from
runs with human faces and Z-scores of responses to human faces within
face patches defined from runs with monkey faces (see Supplementary
Table 1). Data used to define the face patches and estimate the Z-scores
are therefore independent.

2.4.5. Test-retest reliability

To assess the reliability of the paradigm, we performed the analyses
on two subsets, defined from the even and odd runs of our data. We
quantified the overlap between the face-selective nodes identified in the
two datasets using the Dice coefficient (as in Gao et al., 2018), a measure
of the extent of overlap between the two thresholded activation maps
obtained:

0y =2 X Vi (V+V))

where O is the consistency score between even run i and odd run j, Vj; is
the number of face-selective nodes in both datasets, V; is the number of
face-selective nodes in even run i, and V;is the number of face-selective
nodes in odd run j. We calculated three scores of consistency within
each animal’s anatomically defined STS: on the unthresholded data, on
the thresholded activation maps at Z = 3, and on the activation maps
presented in our figures (see the “Results” section, Z = 7 for MO1 and
Z = 4 for M02). We also calculated these consistency scores at the whole-
brain level, within the activations defined from 14 runs, and the analysis
performed on the 12 even and 12 odd remaining runs. In addition, cor-
relation analyses were used to assess the degree of the correspondence
between the activations obtained from these subsets of the data.

3. Results
This study aimed to demonstrate the efficacy of a frequency-

tagging technique recently developed for human neuroimaging proto-
cols (Gao et al., 2018) in a non-human primate (NHP) model. We applied
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Table 1
MNI coordinates (in mm) of the local maxima for the face-selective clusters
identified in both hemispheres of the two animals.

ROI MO1 MO02
X y z X y z
ML L -18.9 6.3 9.1 -23.8 5.3 9.2
R 20.1 3.1 12.6 24.2 6.8 8.8
MF L -20.9 7.6 10.2 -20.6 5.1 6.8
R 24.5 6.1 13.9 22.8 5.9 6.6
PL L -24.8 3.4 17.5 -25.9 2.1 12.6
R 17.3 1.2 16.7 21.3 1.7 12.2
AL L -23.1 13.8 3.3
R 24.2 12.7 4.3
AF L -18.7 16.3 5.3
R 19.5 15.3 6.2
PO L -14.2 38.6 20.4
R 13.7 40.1 21.1
PVL L -16.2 26.2 19.5
R 16.9 28.1 19.6

the Fast Periodic Visual Stimulation localizer (see Fig. 2) to identify the
cortical face network in two awake behaving macaques (MO1 and M02).
Stimuli were constructed using natural photographs of objects and ei-
ther human or monkey faces (see Fig. 1). fMRI data were analyzed in
the frequency domain (see the “Materials and methods” section).

3.1. Face-selective clusters in macaque monkeys

Fig. 3-A presents face-selective activations projected on inflated re-
constructions of the left and right cortical hemispheres of MO1 and MO02.
These activations were estimated from all the runs with human and mon-
key faces combined (differences between activations in response to hu-
man versus monkey faces are discussed in Section 3.3.). Red-to-yellow
colors indicate significantly different BOLD responses to face than to
non-face objects, under the form of Z-scores (see the “Materials and
Methods” section). Only lateral views are shown as we did not observe
significant activations on medial and ventral cortices (see Supplemen-
tary Fig. 2). Clusters with strong face-selective responses were observed
along the superior temporal sulcus (STS) of the two hemispheres in both
monkeys (Z-score > 7 for MO1, p < 10719 uncorrected, and Z-score > 4
for M02, p < 10> uncorrected). These clusters were mainly localized
in the middle fundus (MF) of the STS and in the middle lateral (ML)
and posterior lateral (PL) parts of its lower banks, in agreement with
face-selective regions described in previous monkey fMRI studies (e.g.,
Aparicio et al., 2016; Livingstone et al., 2017), although in MO1, the PL
cluster was a little bit deeper in the fundus of the STS. In MO01, we also
found two additional clusters in the anterior fundus (AF) and the ante-
rior lateral (AL) parts of the STS (as in Lafer-Sousa and Conway, 2013;
Taubert et al., 2020). Face-selective activations were also observed in
the anterior medial (AM) part of this monkey’s STS (as in Ku et al., 2011;
Issa and DiCarlo, 2012; Arcaro et al., 2017) but only in the right hemi-
sphere. Significant activations were found in the prefrontal orbital (PO)
and the prefrontal ventrolateral (PVL) cortices of MO1 (see Fig. 4-A), in
agreement with (Tsao et al., 2008b; Janssens et al., 2014). Activations
in the PVL cluster were also found in M02 (Z-score > 6 at the local max-
ima), although their spatial extent remained limited. Coronal slices pre-
senting Z-scores in the face-selective clusters of the STS and prefrontal
cortex are respectively shown in Figs. 3-B and 4-B. MNI coordinates of
the local maxima in these clusters are provided in Table 1.

Face-selective regions in M01 and M02 were generally in good
agreement with those reported in previous monkey fMRI studies
(Janssens et al., 2014; Hesse and Tsao, 2020 for review). In both ani-
mals, ML and MF were the clusters with the highest face-selective re-
sponses (Z-score > 25 for MO1, Z-score > 12 for M02; in line with
Pinsk et al., 2009 and Freiwald and Tsao, 2010). However, there was
also an important variability in the number and extent of face-selective
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Fig. 3. Face-selective clusters in the STS of macaque monkeys. (A) Significant face-selective activations projected on the inflated cortical hemispheres of M01
(leftward column) and M02 (rightward column). Data were thresholded at Z = 7 for MO1 and Z = 4 for M02. Ant.: anterior, Dor.: dorsal, LH: left hemisphere, RH:
right hemisphere. (B) STS face-selective clusters. Z-scores are shown on coronal slices selected on the volumetric space (leftwards columns). The dotted lines in panel
A give the positions of these slices on the cortical surfaces of each monkey. Their Y-coordinates in the MNI space are provided in the upper-right corner of each
slice. The amplitude spectra of the BOLD responses around the local maxima of each face-selective cluster are shown on the rightward panels for face stimuli (in red)
and their phase-scrambled controls (in orange). Note the high SNR of the activity at 0.111 Hz and 0.222 Hz. These data were averaged across the two hemispheres
for each monkey. The vertical gray dotted lines indicate the first (F = 0.11 Hz) and second (2F = 0.222 Hz) harmonics of the face stimulation frequency. The left
and right arrows provide amplitude values in the left and right hemispheres at these harmonics. The averaged SNRs at the local maxima in both hemispheres are

provided in the upper-right corner of each graph.

clusters between the two monkeys. This variability is not related to
the values used to threshold the Z-scores maps (see Supplementary
Fig. 3) and actually reflects a genuine difference between the cortical
face networks of the two macaques. This finding agrees with the inter-
subject variability observed in previous macaque studies (Tsao et al.,
2008a; Ku et al., 2011) as well as in humans (e.g., Rossion et al., 2012;
Zhen et al., 2015; with the present localizer: Gao et al., 2022).
Importantly, our approach also achieves high test-retest reliability
in localizing face-selective areas in both animals since the calculated
Dice indexes (see Section 2.4.5.) are all moderate to high (0.60-0.79;
as described in Wilson et al., 2016) (the Z-scores maps used to compute
these indexes are shown in Supplementary Fig. 4). At a threshold level
of Z = 3, the face-selective nodes identified in the anatomically defined
STS of odd and even runs reach a Dice index of 0.74 for MO1 and 0.68
for M02, and these coefficients were still very high at the thresholds
depicted in Figs. 3 and 4 where the values reach 0.72 for M01 and 0.73

for M02. At the whole-brain level, consistency values also reach 0.66
for MO1 and 0.62 for M02 at a threshold of Z = 3, 0.77 for MO1, and
0.61 for M02 when increasing the thresholds to those in Figs. 3 and 4.
It is important to note that these consistency values are higher than the
typical range reported in previous human fMRI studies (Duncan et al.,
2009; Duncan and Devlin, 2011) and, to the best of our knowledge,
constitute the first high test-retest reliability values reported in monkey
fMRI studies (see Table 2).

Our data were very reproducible at the individual level, as also as-
sessed by a correlation analysis performed between the Z-scores ob-
tained in the STS of the odd and even runs of our two animals, for the
activation maps thresholded at Z = 3 (R = 0.82, P-value < 10715 in MO1
and R = 0.80, P-value < 10715 in M02), and at the same thresholds as
shown in Figs. 3 and 4 for each animal (R = 0.81, P-value < 10~1> in
MO1 and R = 0.81; P-value < 107! in M02). Correlation analyses con-
firmed again that the activations for our two animals were very similar
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Fig. 4. Face-selective clusters in the prefrontal cortex of macaque monkeys. (A) Z-scores projected on the inflated cortical hemispheres of M01 (leftward
column) and MO02 (rightward column). PVL: Prefrontal Ventrolateral, PO: Prefrontal Orbital. Ant.: anterior, Dor.: dorsal, LH: left hemisphere, RH: right hemisphere.
(B) Specificity of the activations in face-selective clusters of the prefrontal cortex. See Fig. 3 for more details.

Table 2

Test-retest reliability of face-selective nodes in activation maps. The Dice
indices and the correlation scores (R) were obtained in the STS defined for each
animal and at the whole-brain level, at a threshold of Z = 3, and for the thresh-
olds described in Figs. 3 and 4 (Z = 7 for M01 and Z = 4 for M02). Correlation
scores were all associated with a P-value < 10715,

MO1 MO02

STS Z=3 Dice 0.74 0.68
R 0.82 0.80

Figure thresholded (Z =7 for ~ Dice 0.72 0.73

MO1 and Z = 4 for M02) R 0.81 0.81

Whole-brain Z=3 Dice 0.66 0.62
level R 0.60 0.64
Figure thresholded (Z = 7 for Dice 0.77 0.61

MO1 and Z = 4 for M02) R 0.70 0.53

between odd and even runs at the whole-brain level: for the activations
thresholded at Z = 3 (R = 0.60, P-value < 10~!> in MO1 and R = 0.64,
P-value < 10~!° in M02) and at the thresholds in Figs. 3 and 4 (R = 0.70,
P-value < 10715 in MO1 and R = 0.53, P-value < 10~15 in M02).

3.2. Activations in face-selective clusters

Next, we examine whether responses in face-selective clusters can be
partly elicited by lower-level visual attributes. Figs. 3-B and 4-B present
the amplitude spectra estimated from a Fourier transform of the BOLD
responses around the local maxima of each cluster for our main stim-
uli (in red) and their phase-scrambled controls (in orange). These data

were averaged across the left and right hemispheres. For the face stim-
uli, clear peaks can be observed at the first (F = 0.111 Hz) and second
(2F = 0.222 Hz) harmonics of the face stimulation frequency. Ampli-
tude values for the left and right hemispheres at these frequencies are
provided by the left and right arrows, respectively (the associated am-
plitude spectra are provided in Supplementary Fig. 5).

Consequently, very high SNRs are obtained in these clusters (see the
values in the upper-right corners). On the other hand, we did not ob-
serve any significant peak at the harmonics of the stimulation frequency
for the phase-scrambled control conditions (the associated maps for the
phase-scrambled condition are shown in Supplementary Fig. 6), which
implies that low-level visual cues do not drive the responses obtained
in the main condition. These results were verified statistically in face-
selective clusters of the STS and the prefrontal cortex (Fig. 5). Note that
in this case, we used face-selective clusters defined from the odd runs
(see Supplementary Fig. 4) and performed statistics with Z-scores esti-
mated on the even runs to avoid double-dipping (see Section 2.2.4.). The
responses obtained for faces were significantly higher than responses ob-
tained in the phase-scrambled condition (i.e., Z-score differences were
greater than 3) in all clusters characterized for both animals.

In terms of sensitivity, our approach led to significant responses even
when considering a few runs per animal. Fig. 6 shows the evolution of
Z-scores within each face-selective cluster of the STS as a function of the
number of runs acquired for each monkey. We obtained Z-scores higher
than 3 (equivalent to a P-value < 0.001) from only 5 runs in the ML
and MF clusters for MO1 and MO02 but also in the AL cluster for MO1. To
localize all face-selective clusters in the STS, only 12 runs were required
for MO1 and 18 runs for M02.
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Fig. 5. Comparison between the responses for the face
stimuli and their phase-scrambled controls. Z-scores within
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3.3. Responses to human and monkey faces

Finally, we investigate the responses of the face-selective clusters
to human and monkey faces, tested across interleaved runs. Fig. 7-A
presents the corresponding activations on inflated reconstructions of the
left and right cortical hemispheres of MO1 and M02. Z-scores in response

Fig. 6. Evolution of Z-scores in face-selective clusters of
the STS as a function of the number of runs. For each clus-
ter in monkey MO1 (A) and MO02 (B), Z-scores were averaged
across the two hemispheres. The cortical maps corresponding
to 10, 20 and 30 runs are shown on the top. These maps were
thresholded using the same values as in Figs. 3 and 4 to facil-
itate comparison.

Fig. 7. Comparison between the cortical face networks
obtained in response to human and monkey faces. (A) Z-
scores associated with human (upper row) and monkey (lower
row) faces are projected on the inflated cortical hemispheres
of MO1 (leftward column) and MO2 (rightward column). To
facilitate the comparison between the two cortical face net-
works, the contours of the clusters obtained with human and
monkey faces are respectively shown in cyan (lower row) and
purple (upper row). See Fig. 3 for more details. (B) Z-scores
within each face-selective cluster in response to human (cyan)
or monkey (purple) faces. The left and right arrows provide
values in the left and right hemispheres. Red stars indicate a
significant difference (i.e., a Z-score difference greater than 3)
between activations for human and monkey faces.

[ IHuman Faces

[ IMonkey faces

to human and monkey faces are respectively shown on the upper and
lower rows (colored contours of these activation maps are provided to
facilitate the comparison). We can observe that the two networks over-
lap well and are generally associated with similar activations. Although
the maps shown here were computed from half the data, they are in ex-
cellent agreement with those reported during the analysis of the entire
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dataset (see Section 3.1.) with face-selective clusters along the STS on
both animals and in the prefrontal cortex in M01 and MO2 to a lesser
degree.

Even though the extents of the networks obtained for the two con-
ditions appear to be similar, their activations could be more robust for
one condition or the other in some face-selective areas. Fig. 7-B pro-
vides the Z-scores elicited by human (cyan) and monkey (purple) faces
around the local maximum of each face-selective cluster. For each con-
dition, these local maxima were defined from the data collected with
the other condition to avoid double-dipping effects (see the “Material
and Methods” section). The MNI coordinates of these local maxima are
provided in Supplementary Table 1. Activations to human and monkey
faces were rather similar within the face-selective clusters identified in
both monkeys. However, we found that responses to monkey faces were
significantly higher than responses to human faces in the ML cluster for
both M01 and M02. In MO1, stronger responses to monkey faces were
also observed in the PL and MF clusters of the STS and the prefrontal
cortex (clusters PVL and PO).

4. Discussion
4.1. The value of comparable cross-species fMRI localizers

Functional localizers in fMRI have become standard for understand-
ing the neural mechanisms underlying cognitive functions, notably face
recognition (Saxe et al., 2006; Kanwisher, 2017). They permit iden-
tifying regions of interest (ROIs) associated with a given experimen-
tal contrast to subsequently compare the responses within these ROIs
between human participants (without normalizing the data to a com-
mon template) and experimental conditions. Many functional local-
izers of the cortical face network have been used in humans (e.g.,
Kanwisher et al., 1997; Ishai et al., 2005; Fox et al., 2009; Berman et al.,
2010; Rossion et al., 2012; Weiner and Grill-Spector, 2013; Zhen et al.,
2015; Kanwisher, 2017; Gao et al., 2018). This approach has also been
adopted in macaques to compare this species’ cortical face network to
humans (Tsao et al., 2008a,b; Pinsk et al., 2009; Mantini et al., 2012;
Yovel and Freiwald, 2013; Weiner and Grill-Spector, 2015; see also
Hung et al., 2015; Schaeffer et al., 2020 in marmosets) and to character-
ize face-selective cellular level activity with invasive neurophysiological
recordings or microstimulations (Tsao et al., 2006; Moeller et al., 2008;
Freiwald et al., 2009; Freiwald and Tsao, 2010; Issa and DiCarlo, 2012;
Taubert et al., 2015; Aparicio et al., 2016; Chang and Tsao, 2017;
Moeller et al., 2017; Taubert et al., 2018). However, many parameters
of these fMRI localizers differ between studies and species, limiting the
reproducibility of the results and the validity of the comparison between
humans and macaques. As a key example, Tsao et al. (2008)’s compari-
son of the cortical face network in the two species is limited by substan-
tial methodological differences between the MRI sequences performed
(multi-echo for monkeys versus standard EPI for humans), the acquisi-
tion duration (longer TR for monkeys than for humans), MRI slice orien-
tation (coronal for monkeys vs. axial for humans) and, as typically per-
formed in macaque fMRI studies, an injected contrast agent (MION) (vs.
the BOLD response in humans). Beyond genuine anatomo-functional dif-
ferences between the brains of these two species, in particular in the tem-
poral lobe (Rilling and Seligman, 2002; Bryant and Preuss, 2018), these
methodological differences may be partly responsible for differences ob-
served in terms of localization of activation and response properties
of their respective cortical face networks (Yovel and Freiwald, 2013;
Rossion and Taubert, 2019). In this context of inter-species comparison,
it is crucial to provide fMRI localizers for non-human primates that are
as similar as possible to those used in humans.

The face localizer evaluated here in macaques to fulfill this aim of op-
timizing inter-species comparisons was directly adapted from a recently
validated human fMRI frequency-tagging paradigm with high sensitiv-
ity (i.e., high SNR), specificity and test-retest reliability (Gao et al.,
2018, 2019, 2022). Here, as in humans, fMRI recordings were based
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on gradient-echo EPI sequences, axial acquisitions, and a TR of 1.5 s.
No contrast agent was used, therefore recording BOLD responses in
monkeys, yet with a very high SNR (see discussion below). Impor-
tantly, the frequency-tagging paradigm with periodic “mini-bursts” of
faces inserted among a rapid train of non-face objects allowed to
objectively identify face-selective activity in the Fourier domain ex-
actly at the stimulation frequency (F = 0.111 Hz) and its second har-
monic (2F = 0.222 Hz), without hemodynamic response function (HRF)
modeling. This point is important since the processing of data col-
lected from standard block or event-related designs in fMRI is gener-
ally based on an average model of this HRF, ignoring substantial vari-
ability of the hemodynamic response between brain regions and indi-
viduals (Handwerker et al., 2004; see Cottereau et al., 2017 for data
in macaques). Most importantly for the purpose of cross-species com-
parison, there are genuine differences in HRF between primate species.
As a matter of fact, while all or the bulk of the response in most face-
selective regions was accounted for by the first harmonic in the human
brain (Gao et al., 2018; 2019; 2022), here in macaques the second har-
monic is prominent in many regions, especially in the anterior temporal
and prefrontal cortices (Figs. 3 and 4). These observations reflect differ-
ent HRFs among species, brain regions, and individuals that cannot be
fully taken into account by differential HRF modeling.

Furthermore, in order to optimize inter-species comparisons, we
used identical stimulation parameters for macaques as in humans, i.e.,
the same stimuli presented at the same rate, with mini-"bursts” of faces
inserted every 9 s in the rapid (6 Hz) train of non-face objects. This rapid
rate of stimulation ensures only one gaze fixation per image, constrained
by the fixation cross, preventing differences in fixation duration between
faces and objects (e.g., in monkeys; Guo et al., 2006), own- and other-
species of faces (Dahl et al., 2009; Minxha et al., 2017) and between
species (Minxha et al., 2017; Wilming et al., 2017). While we cannot
exclude that the stimulation frequencies may be better suited for one
species than the other and may even be separately optimized for each
species in future studies, EEG experiments in humans with this face lo-
calizer paradigm show that a relatively broad range of base stimulation
frequencies provide the same type of face-selective responses, with 6 Hz
being an intermediate (i.e., not too slow, not too fast) frequency value
providing high face-selective neural amplitudes (Retter et al., 2020).
Moreover, as long as face-selective responses do not overlap in time,
the number and relative repetition of non-face object images presented
between face exemplars (here between the “bursts” of faces every 9 s)
does not affect the amplitude and spatial distribution of the human face-
selective response (Retter and Rossion, 2016).

4.2. Typicality of the monkey cortical face network

Importantly, we found significant face-selective neural responses in
regions usually identified in previous macaque fMRI studies (Figs. 3 and
4). These responses were primarily localized in the fundus and on the
lower bank of the STS in both animals (Fig. 3-A), with the highest ac-
tivations within the so-called ML and MF clusters, in close agreement
with previous monkey fMRI studies (Pinsk et al., 2009; Freiwald and
Tsao, 2010). Additional clusters were also observed in the posterior
(PL) and anterior (AL, AF, and AM) portions of the STS. These clus-
ters were sometimes confluent, as also reported by other studies (e.g.,
Tsao et al., 2008a; Janssens et al., 2014 and acknowledged in the re-
view of Hesse and Tsao, 2020), making their delineation challenging.
Two additional clusters were localized in the prefrontal lobe (Fig. 4-B)
and appear to correspond well to the PVL and PO regions previously
reported by Tsao et al. (2008b) and Janssens et al. (2014).

Despite the very high SNR attained in our study, we did not ob-
serve any significant face-selective activations in the medial and ven-
tral temporal cortex of our two monkeys (see Supplementary Fig. 2).
To our knowledge, only one study identified face-selective activations
in these regions, in addition to those already known in the STS, claim-
ing that the ventral clusters may be potential homologs of the human
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fusiform face area (FFA; Ku et al., 2011). While the authors of this lat-
ter study attributed their original and yet unreplicated findings to in-
creased sensitivity due to high-field (7T) spin-echo imaging, stimulus
control was limited in that study, with few categories used and high
variability between faces (in terms of gaze directions and facial expres-
sions) not matched for non-face stimuli (either fruits, houses, or frac-
tals). This aspect is often not controlled in other face localizer fMRI
studies in which highly homogeneous exemplars are used within a given
category, generating substantial category-selective low-level differences
(e.g., in stimulus orientation) even when scrambled versions of the stim-
uli are used (e.g., Tsao et al., 2008a; in humans, see Rossion et al., 2012;
Rice et al., 2014; Coggan et al., 2016; Weibert et al., 2018). Here the
cortical face networks in our two monkeys were identified from the pre-
sentation of a large set of natural (i.e., unsegmented, ecologically valid)
images of both faces and objects with high variability in size, orienta-
tion, luminance/contrast (of the object/face inside the image), lighting
conditions, etc. (Fig. 1; see Supplementary Fig. 1 for a characterization
of the low-level properties in these image sets). This variability natu-
rally reduces the potential contributions of low-level visual differences
to face-selective neural responses. The lack of any significant activations
in all face-selective clusters for the phase-scrambling condition (Figs. 3-B
and 4-B) demonstrates that these responses are highly specific, reflecting
high-level recognition functions (Rossion et al., 2015; Gao et al., 2018;
Or et al., 2019).

Despite this tight (natural) control and the lack of a contrast agent
providing a prolonged response function (Pelekanos et al., 2020), our
frequency-tagging approach leads to face-selective responses with very
high sensitivity (i.e., Z-scores greater than 4 in both monkeys and, up
to 29 and 13.5 in the most responsive clusters of MO1 and MO02 respec-
tively) even when considering a few runs per animal (Fig. 6). For exam-
ple, while Tsao et al. (2008a) used up to 99 runs in their study, here 20
runs were sufficient to fully characterize the cortical face network of our
two macaques. The factors behind the particularly high sensitivity of our
fMRI frequency-tagging paradigm have been previously evaluated (i.e.,
by comparing it directly to a standard face localizer with the same stim-
uli and total stimulus duration; see Gao et al., 2018) and discussed in
details in the original human study: detection of face-selective periodic
activity independently of a hemodynamic model fit, noise measurement
only in small frequency bins surrounding the signal, limited noise con-
tamination in the frequency bin of interest, maximized contrast with-
out category-adaptation within the mini-"bursts” (see Gao et al., 2018).
The contribution of our analysis in the Fourier domain was also inves-
tigated by reanalyzing our data using a more classical general linear
model (GLM), as in Gao et al. (2018). In this case, face-selective clusters
were also identified at similar locations in both animals but SNRs were
significantly lower (see the comparison in Supplementary Fig. 7).

4.3. Inter-individual variability and test-retest reliability

There were differences between the spatial extents, anatomical loca-
tions, and even the number of face-selective clusters observed in our two
macaques. However, we showed that these differences were not caused
by the values used to threshold the activation maps (see Supplemen-
tary Fig. 3). Since the obtained Z-scores were highly reliable for each
animal, this variability appears to reflect a genuine difference between
the cortical face networks of the two monkeys. This finding echoes the
inter-subject variability observed across monkeys (Pinsk et al., 2009;
Janssens et al., 2014; Grimaldi et al., 2016; Arcaro et al., 2020) and
human fMRI studies (e.g., Rossion et al., 2012; Gao et al., 2022).

Importantly, our paradigm ensures reliable and reproducible results,
as demonstrated by the very good correspondence between the activa-
tions obtained from subsets of the data (correlation greater than 0.80 in
the STS and Dice index from 0.62 to 0.77 within the whole brain (co-
efficients all moderate to high) for both monkeys; see Table 2). These
reliability tests were inspired by previous human fMRI studies which
controlled for robustness, and the values obtained with our paradigm
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are among the highest reported so far. Correlation scores and Dice in-
dexes should be estimated in future monkey fMRI studies to permit a
direct comparison with the reliability obtained with our protocol.

4.4. Human and monkey faces

Another noticeable, although generally neglected, difference be-
tween human and monkey face localizers is the stimulus’ species. While
faces of conspecifics are used in all human fMRI studies, monkeys are
tested with either human or monkey faces, without systematic compar-
ison and an unwarranted assumption that this factor has little influence
on category-selective brain activations (Russ et al., 2021). Here, one
originality of our study is that we used localizers based on either hu-
man or monkey faces. Overall, the cortical face networks obtained with
these two conditions were very similar (Fig. 7-A), indicating that using
human faces in monkeys (raised in captivity) as face localizers is valid
to identify face-selective regions (although other face recognition func-
tions, such as eye gaze, emotional expression or identity recognition,
may require the use of conspecifics faces; e.g., Taubert et al., 2020).
Our results nonetheless indicate that face-selective responses in the ML
cluster are more pronounced for monkey faces (advantages for monkey
faces were also observed in other clusters of the STS and prefrontal cor-
tex but only in M01). This result will have to be confirmed from data
collected in a larger number of macaques, but it is in line with behav-
ioral observations of increased attention and sensitivity to monkey faces
compared to human faces in monkeys (Pascalis and Bachevalier, 1998;
Dahl et al., 2009; Minxha et al., 2017).

5. Conclusions

Altogether, the present results demonstrate that our functional
frequency-tagging face localizer is valid and efficient for characterizing
the cortical face network in NHP neuroimaging. The face-selective
clusters were objectively identified in both monkeys, in agreement
with previous studies. This study opens new possibilities to provide
direct comparisons between humans and monkeys using neural signals
obtained in an ecologically valid, sensitive, reliable manner, and with
identical paradigms. This functional localizer could be applied to
further explore different functions in these regions, such as face identity
recognition or head orientation and gaze direction processing in primate
species (Taubert et al., 2020). Moreover, our frequency-tagging protocol
could serve as a template to explore other brain functions. It could also
be used in marmoset, which is a rising NHP model in cognitive neuro-
sciences and which can now be used for awake behaving fMRI record-
ings (Hung et al., 2015; Cléry et al., 2020; Schaeffer et al., 2020). The
experimental paradigm, stimuli, and analysis scripts can be found here:
https://osf.io/6r8wz/?view_only=3d264c959e4b4d30al14ce2b76f3f079.
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