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Face recognition deficits are frequently reported in Alzheimer’s disease (AD) and often

attributed to memory impairment. However, it has been hypothesized that failure in

identifying familiar people could also be due to deficits in higher-level perceptual

processes, since there is evidence showing a reduced inversion effect for faces but not

for cars in AD. To address the involvement of these higher processes, we investigated

event-related potential (ERP) neural correlates of faces in a patient with AD showing

a face recognition deficit. Eight healthy participants were tested as a control group.

Participants performed different tasks following the stimulus presentation. In experiment

1, they should indicate whether the stimulus was either a face or a house or a scrambled

image. In experiments 2 and 3, they should discriminate between upright and inverted

faces (in experiment 2, stimuli were faces with neutral or fearful expressions, while in

experiment 3, stimuli were famous or unfamiliar faces). Electrophysiological results reveal

that the typical face-specific modulation of the N170 component, which is thought to

reflect the structural encoding of faces, was not present in patient MCG, despite being

affected by the emotional content of the face implicitly processed by MCG. Conversely,

the N400 component, which is thought to reflect the recruitment of the memory trace of

the face identity, was found to be implicitly modulated in MCG. These results may identify

a possible role for gnosic processes in face recognition deficits in AD and suggest the

importance of adopting an integrated approach to the AD diagnosis while considering

electrophysiological markers.
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HIGHLIGHTS

- The N400, but not the N170, was modulated in a patient with AD.
- Face recognition deficits of the tested patient were found to have a gnosic nature.
- Electrophysiology can reveal the etiology of neuropsychological deficits in AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenerative disease
characterized at a neural level by neuronal atrophy and the
presence of amyloid-β plaques and neurofibrillary tangles
(Duyckaerts et al., 2009; Jack et al., 2018). The neuropsychological
profile of patients with AD is characterized by a variety of
problems, such as recalling recent events, language problems,
and disorientation. Cognitive functioning declines over time as
the disease progresses. Although the first symptoms of AD vary
from patient to patient, typically, one of the first signs of the
disease referred by the caregivers relates to memory problems.
However, other disorders are reported by the caregivers, such
as attentional dysfunctions, apraxia, and/or psychiatric and
behavioral disturbances (Weintraub et al., 2012). The worsening
of cognitive domains and the extension of the impairment
to other cognitive functions are the typical patterns of the
evolution of AD. At a mild-to-moderate stage of AD, a
highly emotionally compelling problem referred by the relatives
relates to visuospatial and perceptual problems, specifically the
recognition of familiar faces (Greene and Hodges, 1996; Hodges
and Greene, 1998). Patients with AD, indeed, are incapable
of recognizing known people, including their own relatives,
and eventually themselves reflected in a mirror. Problems with
recognizing familiar faces have typically been attributed to
memory problems, as the progression of the disease worsens
(e.g., Becker et al., 1995; Hodges, 2006), impacting on more
consolidated memories, such as the memory of familiar people.
This is a logical conclusion as recognition implies preserved
memory traces. However, a recent study (Lavallée et al., 2016)
has shown that face recognition problems in AD may have a
different etiology. In their study, 25 mild-stage patients with AD
underwent a perceptual task in which they were requested to
match simultaneously presented unfamiliar faces (and cars as
control stimuli), and stimuli could be either upright or reversed.
The rationale of using inverted faces stands in the well-known
face inversion effect (Yin, 1969), i.e., an impaired performance
in recognizing inverted unfamiliar faces. This effect is thought
to reflect different perceptual processing of faces in the upright
and inverted orientation (Rossion and Gauthier, 2002), and it is
assumed that the larger the effect, the more preserved the ability
to process configurational aspects of individual faces. The authors
reported that patients with AD enrolled in their study showed
a reduced face inversion effect for faces (but not for cars), both
in terms of accuracy and the speed of response. Moreover, the
performance of patients with AD was not only impaired with
inverted faces but also with upright faces, and they suggested
that there might be a specific impairment at building a coherent
perceptual representation of individual faces in AD.

These results suggest that patients with AD can fail to
recognize familiar faces not only because of memory problems
but also because of specific deficits in high-level visual processing,
thus more properly referable as prosopagnosia (selective agnosia
for faces). To further investigate this possibility, we took
advantage of electrophysiology and, specifically, event-related
potentials (ERPs) to provide reliable neural markers capable of
characterizing the neuropsychological profile of cognitive deficits

(Rossini et al., 2020). As regards face processing, three main
components have been found to correlate with face processing:
the N170 (Bötzel et al., 1995; Bentin et al., 1996), the N250
(Schweinberger et al., 1995, 2004), and the N400 components
(Bentin and Deouell, 2000; Olivares et al., 2015; Taylor et al.,
2016). Although the evidence is somewhat controversial, some
studies have also suggested that the P100 may be sensitive to
face processing, reflecting either a holistic face perception or
differential low-level visual features between faces and other
complex visual stimuli (Itier and Taylor, 2004; Rossion and
Jacques, 2008).

The N170 component is the earliest and most widely studied
negative face-sensitive ERP component. It is a right-lateralized
component detected at occipitotemporal electrodes between 140
and 200ms after the stimulus presentation and is typically
larger for faces than for other objects. Importantly, the N170
component is modulated by the orientation of the face (face
inversion effect): It is delayed and enhanced for inverted as
compared to upright faces (Bentin et al., 1996; Eimer, 2000;
Rossion et al., 2000; Sagiv and Bentin, 2001). Moreover, the N170
component is also modulated when the same face is repeated one
after another (the identity-dependent adaptation effect, Caharel
et al., 2009). Finally, the N170 component has also been shown to
be sensitive to the facial expression, with fear eliciting the largest
effect as compared to the other emotions (Turano et al., 2017).
Taken together, these pieces of evidence suggest that the N170
component represents an electrophysiological marker for the
perceptual structural encoding and configurational processing of
individual faces.

Unlike N170, the N250 and N400 components are modulated
by personal familiarity (Bentin and Deouell, 2000; Webb et al.,
2010; Olivares et al., 2015; Taylor et al., 2016). Therefore, they
are both considered as indexes of face identification processing,
albeit underpinning different aspects. In particular, the N250
component represents the earliest electrophysiological correlate
underlying the face recognition process (Pierce et al., 2011;
Huang et al., 2017; Wuttke and Schweinberger, 2019). Typically
reported at occipitotemporal electrodes with a larger amplitude
for famous faces, the N250 component has also been described in
the frontal regions at the same latency, though characterized by
the opposite pattern, i.e., enhanced negativity for unfamiliar faces
compared to famous faces (e.g., Cheng and Pai, 2010; Olivares
et al., 2015). Previous literature has associated this component
with access to the face perceptual representations stored in
visual memory, independent of semantic knowledge (Pierce
et al., 2011; Eimer et al., 2012; Schweinberger and Neumann,
2016). This is also because the N250 is modulated by repeated
presentation of faces in an experimental context (Schweinberger
et al., 2002; Neumann and Schweinberger, 2008; Schweinberger
and Neumann, 2016).

By contrast, the N400 is a negative component peaking
approximately at 400ms after the stimulus onset, which is
characterized by a centroparietal distribution (Bentin and
Deouell, 2000; Eimer, 2000; Olivares et al., 2015). The existing
evidence indicates that the N400 component would relate to
post-perceptual representation of familiar faces, hence reflecting
a purely semantic stage of processing (Bentin and Deouell, 2000;
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Jemel et al., 2010; Olivares et al., 2015). This hypothesis seems
to be in keeping with the enhanced negativity associated with
famous faces if compared to unfamiliar faces.

In three different electroencephalogram (EEG) experiments,
we assessed the presence and modulation of the three previously
described ERP components known to be relevant for face
processing. We, thus, tested a patient with AD exhibiting
problems in recognizing familiar faces with the aim of defining
whether her face processing problems are of mnestic or gnosic
nature. Critically, this approach may represent a first step
toward evaluating the suitability of electrophysiological markers
for differential diagnosis and devising innovative rehabilitation
protocols of visuoperceptual deficits in patients with AD.

THE GENERAL METHOD

Participants
Patient MCG is a 67-year-old right-handed woman with 5
years of education admitted at the Center for Cognitive Decline
and Dementia, ULSS 9 Scaligera, Verona, for neurological and
neuropsychological assessment. At the time of admittance, MCG
is retired but she still helps in the bakery owned by her family. She
appears vigilant, collaborating, oriented in both space and time,
and conscious of her cognitive status, mainly complaining about
recognition problems of familiar faces, e.g., known customers
of the bakery. Instrumental and neuropsychological tests (see
dedicated section below) are requested. Since she could not
be admitted to the MRI room because of the presence of
a pacemaker, she was administered with a CT scan and a
PET. The CT scan did not show any clear sign of tissue
hypodensity or atrophy (image not available). In contrast, PET
data evidenced hypometabolism of the inferior temporal cortex
bilaterally and the occipitotemporal and parietotemporal cortices
in the right hemisphere (Figure 1A). Moreover, the cerebrospinal
fluid (CSF) test evidenced a biomarker (amyloid-β and Tau)
profile compatible with AD.

Based upon the previous literature (e.g., Prieto, 2011), eight
healthy right-handed female participants (age range: 63–70) with
no history of neurological or psychiatric disorders were tested as
a control group. The patient and healthy participants signed the
informed consent prior to participating in the study and were free
to withdraw at any time. The study was approved by the local
ethics committee and conducted in accordance with the 2013
Declaration of Helsinki.

Neuropsychological Testing
Patient MCG underwent a comprehensive neuropsychological
battery (Table 1) for the assessment of cognitive functions. Each
test was administered and scored using standard procedures and
instructions. The entire neuropsychological assessment lasted for
about 50min. General cognitive impairment was assessed by
means of the Mini Mental State Examination (MMSE, Magni
et al., 1996), whereas specific cognitive functions were assessed
by means of ad hoc tests. The Trial Making Test (Giovagnoli
et al., 1996) was used to assess attentional functions. Visuospatial
and praxis abilities were assessed by means of the version of
the Clock Drawing Test (Sunderland et al., 1989) specifically

standardized for AD patients. Three tests were used to assess
language functions: a short version of the Token Test (Mondini
et al., 2011) to assess language comprehension and two tests of
verbal fluency to assess phonological (Carlesimo et al., 1996)
and semantic (Novelli et al., 1986) access. The Rey Auditory
Verbal Learning Test (Rey, 1958; Carlesimo et al., 1996) was
used to assess short-term and long-term memory impairment.
Logical reasoning was assessed by means of the abstraction
test (Mondini et al., 2011). Two tests were used to assess
constructional apraxia (Carlesimo et al., 1996) and ideational
and ideomotor apraxia (Mondini et al., 2011). Finally, depressive
symptoms were assessed by means of the Geriatric Depression
Scale (GDS, Sheikh and Yesavage, 1986), showing a slight
mood deflection.

As assessed during the clinical colloquium and as reported
in Table 1, MCG appeared to have difficulties in some cognitive
functions, including having vocabulary in the lower limit of
the norm for phonemic cue and in the norm for semantic
cue. Whereas, MCG appeared to have fluency in spontaneous
speech, correct in both form and content, a normal limit in
verbal understanding, and a good autobiographical memory. The
ability to learn verbal stimuli was in the norm, with a good
ability to recover the information previously stored at a deferred
recall. At the incidental memory test of the MMSE, all three
words were recovered. Visual processing, number recognition,
knowledge, and reproduction of numerical sequences with motor
slowdown, tested with the Trial Making Test, were impaired.
However, the ability to perform mental backward tasks was
partially preserved. The planning of the clock drawing was
sufficient: The sequence of numbers was correct but with slight
inaccuracies in the spatial arrangement; the position of the hands
of the clock on the requested time was incorrect, showing a
slight difficulty in mentally representing a clock. Instead, the
logical-deductive capacities were in the norm. Finally, the ability
to copy geometric figures (constructional apraxia) was seriously
compromised while the ideational and ideomotor praxis abilities
were impaired.

During the neuropsychological testing and as reported by her
daughter, MCG experienced difficulties in recognizing familiar
faces. A preliminary assessment of face recognition abilities
was performed by showing MCG black-and-white 10 × 20 cm
pictures (faces only) of famous people (10 males and 10 females;
two images of the same individual, one at an young age and one at
an older age, were administered). Faces were shown one at a time,
andMCG was asked to state the name of the person shown in the
picture and provide any other information she could recollect of
that person. She could not identify any of the famous faces, with
the exception of the image of an aged Silvio Berlusconi (former
Italian Prime Minister), as previously described by Mondini and
Semenza (2006), despite recognizing the images as a face and
reporting details of the faces (e.g., the beard of Padre Pio). She
also could not identify the emotions expressed by the faces. In
a second test, the same images were shown three at a time, two
versions of the same person and one of a different person. The
task of MCG was to find the image not belonging to the same
person. In this case, she could not perform the task, as she was
unable to match the two images belonging to the same identity.
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FIGURE 1 | Material and methods. (A) Axial PET images of patient MCG at the time of diagnosis, highlighting significant hypometabolism in the bilateral inferior

temporal poles and in the occipito-parieto-temporal cortex, lateralized to the right hemisphere. Images are shown according to the radiological convention (right is left

and vice versa). (B) Trial structure of the performed discrimination tasks. In experiment 1, participants had to discriminate whether the stimulus was meaningful or not.

In experiments 2 and 3, participants had to discriminate whether the stimulus was upright or inverted. (C–E) Examples of stimuli employed in experiments 1 (faces,

houses, and scrambled images), 2 (upright and inverted faces with neutral or fearful expressions, respectively), and 3 (upright and inverted faces for famous or

unfamiliar faces).
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TABLE 1 | Neuropsychological assessment.

Function Test/sub-component r.s.* c.s.* e.s.* Evaluation

General cognitive abilities MMSE 24/30 22.9/30 – Mild deficit

Verbal learning Immediate recall 39/75 45.1/75 4 In the norm

(Rey 15-words) Delayed recall 7/15 8.8/15 4 In the norm

Correct recognitions 11/15 – – –

Missed recognitions 4 – – Impaired

False recognitions 0 – – –

Attention Trail making test A 420 396 0 Impaired

Language Phonological fluency 13 20.9 1 At the lower limit of the norm

Semantic fluency 24 32 2 In the norm

Language comprehension (Token test) 5/5 Cut off=5 4 In the norm

Visuospatial and praxis abilities Clock drawing test 6/10 – – At the lower limit of the norm

Logical reasoning Abstraction test 4/6 Cut off=3 – In the norm

Praxis Constructional apraxia 3/12 4.1/12 0 Impaired

Ideational and ideomotor apraxia 5/6 Cut off=6 – Impaired

Depression Geriatric depression scale 7/15 Cut off>5 – Deflection

*r.s., raw scores; c.s., correct score; e.s., equivalent score. Bold characters were just used to highlight where the performance was impaired.

Moreover, to ascertain the specificity of the agnosia deficit,
an object recognition test was programed for the second visit.
One week after the general neuropsychological testing, MCG
was tested with a standardized set of 260 pictures of objects
(Snodgrass and Vanderwart, 1980) comprising both living and
non-living objects. This testing lasted for about 1½ h. MCG
committed a total of 41 identification errors (15.8%), with more
errors for the non-living (9.6%) than the living (6.2%) objects.
In all cases of identification errors, she could, nonetheless,
recognize the semantic category of the objects, as the reported
name was of an object of the same category and with similar
physical characteristics most of the times. These results show
mild difficulties in recognizing objects, non-comparable to the
pervasive deficit in recognizing faces.

Experimental Design, Apparatus, and
Stimuli
In all the experiments, participants were seated in a comfortable
chair in front of a monitor in a dimly lit room. An adjustable
chin and forehead rest was used to minimize head movements,
ensuring that the distance between the participant and the
monitor remained constant at 57 cm. Visual stimuli were
presented using E-prime2 (Psychology Software Tools) via a 17-
in IBM G96 CRT refreshing at 85Hz (resolution 1,280 × 1,024
pixels). Online monitoring of eye movements was performed by
an infrared camera in order to verify the maintenance of fixation
during the stimulus presentation. Different stimuli were tested
in three different experiments. The three experiments were run
on different days for patient MCG and on the same day for the
healthy controls.

Figure 1B illustrates the experimental procedure. Each trial
started with the appearance of a central fixation cross for 300ms,
which lasted throughout the entire trial. Stimulus presentation
was preceded by a 1,000Hz warning acoustic tone lasting 150ms.
To avoid any expectation, the interval between the warning tone

and the stimulus onset was randomized between a 300–600ms
time window. After a 1,000ms pause, a prompt response was
given, asking the participant to perform a discrimination task by
pressing two different buttons of the keyboard.

Stimuli presented in all experiments subtended 12◦ × 12◦

of the visual angle and was presented for 300ms. Stimuli were
presented centrally in the visual field, and different types of
stimuli were presented during the three experiments (see below).
After a 1,000ms intertrial interval, the next trial was presented.

EEG Recording, Preprocessing, and
Event-Related Brain Potential Analysis
Electroencephalogram (EEG) signal was continuously recorded
with the BrainAmp system (Brain Products GmbH, Munich,
Germany—BrainVision Recorder) using a Fast’n Easy cap with
59 Ag/AgCl pellet pin electrodes (EasyCap GmbH, Herrsching,
Germany) placed according to the 10–10 International System.
Four additional electrodes were used for monitoring blinks and
eye movements. Horizontal and vertical eye movements were
detected with electrodes placed at the left and right canthi and
above and below the right eye, respectively. Other two extra
electrodes served as a ground reference (AFz) and as an online
reference (right mastoid, RM). Electrode impedances were kept
below 10 k�. The digitization rate was 1,000Hz with a time
constant of 10 s as low cut-off and a high cut-off of 250 Hz.

The continuous EEG signal was processed off-line
using EEGLAB (v14_1, Swartz Center for Computational
Neuroscience, University of California at San Diego, Delorme
and Makeig, 2004). Data were first down-sampled to 250Hz
and high-pass filtered at 1Hz. Scalp channels were then offline
re-referenced to the average of all electrodes prior to using the
CleanLine EEGLAB plugin (Mullen, 2012) in order to reduce
noise in the power line (50Hz and its harmonics) by means of
the adaptive multitaper regression. Independent component
analysis (ICA) using the extended InfoMax algorithm (Bell and
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Sejnowski, 1995) was performed on the segmented data (from
−1,000 to 1,000ms with respect to the stimulus onset). The
independent components identified as artifactual (e.g., blinks,
eye movements, or muscle activity) were removed according
to visual inspection and, subsequently, a low-pass filter at
40Hz was applied. The epoch window was then shortened
starting from 300ms before the stimulus onset to 800ms after
the stimulus presentation and, thereafter, the baseline was
corrected using the prestimulus interval. Artifact rejection was
performed manually to exclude those segments contaminated
by residual isolated artifacts. Finally, the retained data were
averaged across experimental conditions for each electrode and
for each participant.

Statistical Analysis
Behavioral Data

Data were processed using MATLAB 2019a and analyzed with
IBM SPSS Statistics for Windows, version 22. Either no-response
or incorrect trials were excluded from behavioral analyses.
Furthermore, trials with response times (RTs) exceeding ±3SDs
from the mean in each experimental condition were labeled
as outliers and removed from the dataset as well. Repeated
measures ANOVAs were performed on both accuracy and RTs
of the control group in order to detect possible differences
in performance among the different conditions. As regards
patient data, the statistical difference between conditions in both
accuracy and RTs was assessed by means of a non-parametric
bootstrap procedure using 1,000 replications (α= 0.05). To assess
whether the performance of MCG was significantly higher than
the chance level (50%) within each condition, binomial tests were
performed. A series of Crawford’s t-test for a single case analysis
(Crawford and Howell, 1998; Crawford and Garthwaite, 2002;
Crawford et al., 2010) was performed for the comparison of
the performance between patient MCG and the control group
(accuracy and RTs).

EEG Data

The time windows and the electrodes chosen for the analyses
were selected according to both the previous literature and the
visual inspection of the waveforms. Indeed, only the electrode
showing the highest amplitude within the typical time window
and the scalp topography of the component of interest was
entered into the statistical analysis. In particular, in all the
three experiments, the N170 component has been assessed in
electrodes P8 and T8 for the control group and the patient
MCG, respectively. Electrode F2 has been considered for the
N250 component, while electrodes P2 for healthy controls and
P6 for patient MCG were the most prominent sites for the
N400 component.

Grand-average ERPs of the selected sites were submitted to the
repeated measures ANOVAs implemented in the EEGLAB study.
The main effects were computed using parametric statistical
routines with a statistical threshold of 0.05. As regards patient
data, statistical differences among conditions were evaluated
using permutation-based statistics (α = 0.05, 1,000 replications),
which was implemented in the EEGLAB.

EXPERIMENT 1—FACE PROCESSING

The purpose of this experiment is to ascertain whether it is
possible to find markers of face processing in the patient. The
N170 component will be investigated. In healthy participants, as
reported in the literature, we expect to find a larger N170 for faces
than for houses and scrambled images. If the face recognition
deficit of patient MCG is due to memory problems, we should
expect no difference in the results between healthy participants
and the patient. Conversely, if her face recognition deficit is
due to gnosic problems, thus reflecting an inability to create a
coherent percept and to process perceptual information up to the
level of the meaning of the percept itself, we should not expect to
find a larger N170 for faces than for houses and scramble images.

Stimuli and Design
Stimuli (Figure 1C) were of three categories: (male and female)
faces, houses, and scrambled images. Face and house stimuli
were taken from the NimStim database (Tottenham et al., 2009).
Scrambled stimuli were created by scrambling the images of
faces and houses by means of a custom-made MATLAB script.
The experiment included 72 different faces, 72 different houses,
and 144 different scrambled images generated from the same
meaningful images. Each stimulus identity was repeated twice.
Stimuli were grayscale images with a background luminance of
8.56 cd/m2.

The experiment was divided into 24 blocks of 24 trials each
(six faces, six houses, and 12 scrambled images), thus yielding
a total of 576 trials. The number of total trials was reduced to
480 for healthy participants, subdivided into 20 blocks of 24
trials each. The order of the trials was fully randomized within
each participant.

The participants had to report whether the stimulus was
meaningful (i.e., a face or a house) or not (i.e., a scrambled image)
by pressing two different keys (“m” and “z” keys, respectively) on
the keyboard.

EEG averaging was carried out separately for the three
different conditions: faces, houses, and scrambled images.

Results and Discussion
Figure 2 shows accuracy and RTs of MCG and controls for
all the stimulus categories. The high level of accuracy across
conditions (overall >99% for controls and 98% for the patient)
indicates that both controls and, more importantly, patient
MCG could discriminate the category of the stimuli, being
able to distinguish between meaningful (faces and houses)
and meaningless (scrambled) objects. Neither controls [F(2, 14)
= 0.542; p = 0.593] nor the patient (p > 0.05) highlighted
differences in accuracy among conditions. Face and house
accuracy levels did not differ significantly for patient MCG
compared to controls [faces t(7) = −1.179; p = 0.277; houses
t(7) = −0.404; p = 0.698], while the accuracy for scrambled
stimuli was lower in patientMCG than in controls [t(7) =−4.148;
p < 0.01]. The RTs of the patient were slower than those of
the control group for all the conditions considered [faces t(7)
= 5.025; p < 0.01; houses t(7) = 6.250; p < 0.001; scrambled
images t(7) = 7.052; p < 0.001]. Moreover, the patient reacted
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FIGURE 2 | Experiment 1: behavioral and EEG results. (A,B) Mean accuracies across the different stimuli for patient MCG and the control group. (C,D) Mean

response times (RTs) of correct trials across the different stimuli for patient MCG and the control group (error bars represent SEM). (E,F) Grand-average event-related

potentials (ERPs) for each condition. Gray areas indicate significant time windows for the N170 component (category effect), respectively, for electrode T8 (patient

MCG), and electrode P8 (control group).

quicker (p< 0.05) for faces (1,565ms) than for houses (1,783ms)
and scrambled images (1,701ms), while healthy controls RTs did
not highlight any differences [F(2, 14) = 1.217; p = 0.326] (611,
603, and 579ms, respectively). These results are not unexpected,

even in patient MCG as she has demonstrated to have, at a
behavioral level, the ability to categorize a face as a face and a
house as a house during the neuropsychological assessment. Her
deficit, indeed, was not related to the recognition of a face as
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a configuration of elements, but to the attribution of a specific
personal identity to a familiar face.

Event-Related Potential (ERP) analysis, thus, becomes
essential to understand whether this recognition deficit in
patient MCG is related to either the perceptual or the memory
component of information processing eventually resulting to
face identity recognition. In controls (Figure 2F), as expected,
the amplitude of the N170 component was higher for faces
than for the other stimuli (electrode P8 from 120 to 236ms,
p < 0.05). In MCG (Figure 2E), instead, we found a strongly
reduced N170 component for all the stimuli presented with
an even significant smaller amplitude for faces (electrode T8
from 208 to 228ms, p < 0.05) than for houses and scrambled
images. These results suggest that MCG recognition problem
is related to difficulties in the structural encoding of individual
faces (i.e., not for faces in general). Indeed, the N170 component,
although not being affected by long-term familiarity for a
face, it is modulated by systematic repetition of individual
unfamiliar faces, even regardless of their viewpoint (Jemel
et al., 2005; Caharel et al., 2009), thus indicating that the N170
component is an electrophysiological marker encoding the
specific configuration of elements of the face belonging to
specific individuals (Eimer, 2011).

EXPERIMENT 2—EFFECTS OF FACE
INVERSION AND EMOTION

The purpose of this experiment is to ascertain whether it is
possible to elicit an N170 component in patient MCG by taking
advantage of the “inversion effect” (Bentin et al., 1996; Rossion
et al., 1999, 2000) and by using faces with emotional expressions.
Indeed, as previously stated, the N170 component in healthy
participants has been found to be enhanced for inverted (upside-
down) faces. Moreover, despite the patient cannot consciously
report the emotional content of faces, we cannot exclude implicit
processing of emotions, especially of fear (Morris et al., 1999,
2001; Vuilleumier et al., 2002; Blau et al., 2007; Cecere et al.,
2014), thanks to the recruitment of both subcortical and cortical
structures devoted to the processing of threatening stimuli such
as part of the limbic system (e.g., amygdala) and the superior
temporal sulcus (Öhman, 2005; Miyahara et al., 2013; Tseng et al.,
2014). Based on the results of experiment 1, we thus expect to find
a small, if present, N170 component for upright and neutral faces.
Moreover, we investigate the presence of an “inversion effect” and
we test whether implicit processing of emotion expressions can
emerge, which is expected to elicit an enhancement of the N170
component for fearful faces. If face recognition problems ofMCG
are of gnosic nature, we should not find a reliable enhancement of
the N170 with upside-down faces. With respect to the emotional
effect, instead, we cannot formulate a precise prediction as the
implicit processing is still possible in neurological patients but
not predictable.

Stimuli and Design
In experiment 2, only (male and female) faces were presented.
Stimuli (Figure 1D) were selected from the NimStim database

(Tottenham et al., 2009). The experiment included 36 different
faces with two emotional expressions (neutral | fearful). Each
face was repeated four times. Stimuli were colored images with
a background luminance of 61.45 cd/m2.

The experiment was divided into twenty-four blocks of 24
trials each (six neutral upright faces, six neutral inverted faces,
six fearful upright faces, six fearful inverted faces), thus yielding
a total of 576 trials. The number of total trials was reduced to
480 for healthy participants, subdivided into 20 blocks of 24
trials each. The order of the trials was fully randomized within
each participant.

The participants had to report whether the stimulus was
upright or inverted by pressing two different keys (“m” and “z”
keys, respectively) on the keyboard. EEG averaging was carried
out separately for the four different stimulus categories.

Results and Discussion
Figure 3 shows accuracy and RTs of patient MCG and controls
for the four conditions of stimulation. Healthy controls had
an accuracy at the ceiling level for all the conditions {overall
>99.5%; orientation [F(1, 7) = 0.001; p = 0.974], emotion [F(1, 7)
= 0.001; p = 0.985], orientation × emotion [F(1, 7) = 0.001; p
= 0.992]}. Instead, MCG was more accurate for upright faces
(97%), while her accuracy lowered for inverted faces (66%),
despite still being higher than the chance level (all ps < 0.001).
Accuracy levels differed significantly for patient MCG compared
to the control group [upright fearful faces t(7) = −11.314; p <

0.001; inverted fearful faces t(7) = −78.725; p < 0.001; inverted
neutral faces t(7) = −82.024; p < 0.001], except for upright
neutral faces [t(7) = −1.179; p = 0.277]. Looking at RTs, patient
MCG was slower than the control group in all the conditions
considered [upright fearful faces t(7) = 2.960; p < 0.05; upright
neutral faces t(7) = 2.271; p < 0.05; inverted fearful faces t(7)
= 6.387; p < 0.001; inverted neutral faces t(7) = 5.711; p <

0.001]. While not finding any significant differences within the
control group {upright fearful faces 552ms, upright neutral faces
537ms, inverted fearful faces 548ms, and inverted neutral faces
565ms; orientation [F(1, 7) = 0.793; p = 0.40], emotion [F(1, 7)
= 0.013; p = 0.912], orientation × emotion [F(1, 7) = 2.758; p =
0.141]}, the patient was quicker when the stimuli were presented
upright (upright faces 1,062ms, inverted faces 1,785ms, p <

0.05), regardless of the expressed emotion. These results indicate
that MCG seems to have some difficulties in detecting a face as
upside-down.

Event-related potential (ERP) results show that, in healthy
participants (Figure 3F), the N170 component was modulated
by both the orientation of faces and the emotional content
of the upright faces (electrode P8, time window from 152
to 200, p < 0.05). As expected, based on the literature, the
N170 component was enhanced when upside-down (Bentin
et al., 1996) and fearful faces (Turano et al., 2017) were
presented. Patient MCG (Figure 3E) did not show any inversion
effect. Indeed, her N170 was overall attenuated with no
significant difference between upright and inverted faces.
However, MCG showed an effect of the emotional content
(Figure 3E): The N170 component elicited by upright fearful
faces was significantly greater than that elicited by upright
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FIGURE 3 | Experiment 2: behavioral and EEG results. (A,B) Mean accuracies across the different stimuli for patient MCG and the control group. (C,D) Mean RTs of

correct trials across the different stimuli for patient MCG and the control group (error bars represent SEM). (E,F) Grand-average ERPs for each condition. Gray areas

indicate significant time windows for the N170 component (inversion effect and emotional effect) for electrode T8 (patient MCG) and electrode P8 (control group).

neutral faces (electrode T8, time window from 176 to 180, p <

0.05). Importantly, this effect was implicit, as MCG could not
consciously report the emotional content of the face. Indeed,
when directly asked to report the emotional content of a
fearful face, she reported that the person “had a nice smile,”
thus indicating that she can detect the presence of an open

mouth showing teeth despite not attributing the correct meaning
to this specific configuration. The implicit effect of emotion
detection could be mediated by subcortical centers, belonging
to the limbic system, known to be the neural correlate of
emotion detection, mainly recruited by negative emotions (e.g.,
Bennett and Hacker, 2005).
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EXPERIMENT 3—EFFECTS OF FACE
INVERSION AND FAMILIARITY

The purpose of this experiment is two-fold: to replicate the lack
of the “inversion effect” found in the previous experiment, i.e.,
the absence of an enhanced N170 component for inverted faces
in MCG, and, importantly, to investigate whether it is possible to
find neural markers for an implicit (since she could not overtly
report the identity of the faces) “familiarity effect” by examining
the components typically modulated by familiarity (i.e., N250
and N400, Bentin and Deouell, 2000; Cheng and Pai, 2010;
Pierce et al., 2011; Taylor et al., 2016; Huang et al., 2017; Wuttke
and Schweinberger, 2019). As previously stated, in line with the
literature, an enhancement of the N170 component for inverted
faces (“inversion effect”) should be found in healthy participants,
and, based on the results of experiment 2, this effect should not be
present in patient MCG. Moreover, if patient MCG can process
the identity of the face, at least implicitly, we expect to find an
effect on the N250 or the N400 components as typically found in
healthy participants.

Stimuli and Design
Also, in experiment 3, only faces were presented. Stimuli
(Figure 1E) were male and female faces of famous and unknown
people selected from a database used to ascertain familiarity
in unpublished experiments on 50 participants. Moreover, the
faces of famous people were presented to a relative of MCG
(her daughter) to make sure that these faces were familiar to
the patient before the illness. The experiment included two
photographs (taken from a different perspective) of each of the
36 different presented people (18 males and 18 females), half of
them famous and half not. Each photograph was repeated four
times. Stimuli were black and white images with a background
luminance of 0 cd/m2.

The experiment was divided into 24 blocks of 24 trials each
(six famous upright faces, six famous inverted faces, six unknown
upright faces, and six unknown inverted faces), thus yielding a
total of 576 trials. The order of the trials was fully randomized
within each participant. The participants had to report whether
the stimulus was upright or inverted by pressing two different
keys (“m” and “z” keys, respectively) on the keyboard. EEG
averaging was carried out separately for the four different
stimulus categories.

Results and Discussion
Figure 4 shows accuracy and RTs of patient MCG and the control
group for the four conditions of stimulation. Healthy controls
had an accuracy at the ceiling level for all the conditions {overall
>99%; orientation [F(1, 7) = 0.576; p = 0.473], familiarity [F(1, 7)
= 0.090; p= 0.773], orientation× familiarity [F(1, 7) = 5.812; p<

0.05]}. Instead, MCG, similar to experiment 2, was more accurate
for upright faces (83%), while her accuracy lowered for inverted
face (55%), despite still being higher than the chance level (all ps
< 0.05) for all conditions except for the inverted unfamiliar faces
(49%, p= 0.934). Accuracy levels differed significantly for patient
MCG compared to the control group [upright famous faces t(7)
= −19.152; p < 0.001; upright unfamiliar faces t(7) = −10.999;

p < 0.001; inverted famous faces t(7) = −33.427; p < 0.001;
inverted unfamiliar faces t(7) = −96.335; p < 0.001]. Looking at
the RTs, patient MCG was slower than the control group in all
the conditions considered [upright famous faces t(7) = 3.933; p
< 0.01; upright unfamiliar faces t(7) = 3.915; p < 0.01; inverted
famous faces t(7) = 6.078; p < 0.001; inverted unfamiliar faces
t(7) = 9.920; p < 0.001]. While not finding any significant main
effect within the control group {upright famous faces 598ms,
upright unfamiliar faces 597ms, inverted famous faces 590ms,
and inverted unfamiliar faces 578ms; orientation [F(1, 7) = 0.360;
p = 0.567], familiarity [F(1, 7) = 0.190; p = 0.676], orientation ×

familiarity [F(1, 7) = 0.256; p = 0.628]}, the patient was quicker
when the stimuli were presented upright (upright faces 1,201ms,
inverted faces 2,026ms, p < 0.05), regardless of the familiarity.
Replicating the results of experiment 2, MCG, thus, seems to
show some difficulties in detecting a face as upside-down.

As in experiment 2, ERP results show that, in healthy
participants (Figure 4F), the N170 component was modulated by
the orientation of the faces (electrode P8, time window from 188
to 200, p< 0.05), with a greater amplitude for upside-down faces.
Importantly, healthy participants showed also a significant effect
of familiarity (Figure 4H), with a larger frontal N250 component
(hereafter called fN250) for upright unfamiliar faces than famous
faces (electrode F2, time window from 292 to 328, p < 0.05) (see
also Cheng and Pai, 2010; Olivares et al., 2015). Remarkably, the
reversed effect (i.e., an enhanced amplitude for familiar than for
unfamiliar stimuli), though not significant, could be appreciated
at posterior temporal sites as well, as consistently reported in
the literature (Bentin and Deouell, 2000; Pierce et al., 2011).
Indeed, an additional check was performed to exclude that our
frontal N250 was due to random noise without any functional
meaning. Furthermore, an effect was found considering the N400
component. In particular, the N400 showed (Figure 4J) a greater
amplitude in the 504–540 time window for upright famous faces
compared to upright unfamiliar faces (electrode P2, p < 0.05).

Patient MCG did not show any inversion effect: Replicating
the results of experiment 2, the N170 was overall very attenuated
as compared to controls, and no significant difference was found
between upright and inverted faces (Figure 4E). Importantly, no
implicit effect of familiarity was found if considering the N250
component (Figure 4G). Indeed, no differences between famous
and unfamiliar faces were observed at any electrodes in the
corresponding time window. Conversely, the N400 component
(Figure 4I) was significantly modulated as a function of the
familiarity of the upright stimuli (electrode P6, time window
from 504 to 540, p < 0.05).

Taken together, these results corroborate the hypothesis that
difficulties of MCG in recognizing faces are of gnosic nature.
Interestingly, her difficulties in encoding the structural properties
of individual faces (lack of the inversion effect on the N170
component) have not prevented her from implicitly processing
the identity of the faces she was presented with. Indeed, despite
the lack of modulation of the N250 component, MCG showed
a reliable modulation of the N400, in line with the possibility
that the face identity was covertly processed. Although the
modulation of the N400 together with a lack of a reliable N170
could seem to be counterintuitive, these results can be explained
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FIGURE 4 | Experiment 3: behavioral and EEG results. (A,B) Mean accuracies across the different stimuli for patient MCG and the control group. (C,D) Mean RTs of

correct trials across the different stimuli for patient MCG and the control group (error bars represent SEM). (E,F) Grand-average ERPs for each condition. Gray areas (if

present) indicate significant time windows for the N170 component (inversion effect) for electrode T8 (patient MCG) and electrode P8 (control group). (G,H)

Grand-average ERPs for upright conditions. Gray areas (if present) indicate significant time windows for the N250 component (familiarity effect) for electrode F2

(patient MCG and control group). (I,J) Grand-average ERPs for upright conditions. Gray areas indicate significant time windows for the N400 component (familiarity

effect) for electrode P6 (patient MCG) and electrode P2 (control group).
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considering the nature of the two components. The N170 is
known to correlate with structural properties of a face necessary
to be processed to recognize a face (high-level processing of
face details). On the other hand, the N400 reflects the matching
of a perceived face with the relative semantic representation
stored in memory (Eimer, 2000). In principle, this matching
could be made at a more abstract level of face representation,
i.e., irrespective of its orientation, size, etc. Thus, it might be
possible to reach this match even with an impaired face structural
encoding, which would render the patient overtly unable to
recognize the face but still be capable of implicitly processing
it at the level of its memory trace. This result is important as
it corroborates the claim that the face recognition problems of
MCG might be of gnosic and not of mnestic nature. Previous
evidence has already documented covert face recognition in
prosopagnosic patients, suggesting an indirect access to those
memory traces they cannot use overtly (Bruyer, 1991; De Haan
et al., 1991; Avidan and Behrmann, 2008). Although several tasks
and psychophysiological measures (e.g., face priming paradigms,
forced-choice familiarity task, and skin conductance response)
have been employed in order to understand whether overt and
covert face recognition mechanisms are subserved by functional
distinct pathways, the underlying neural dynamics are still a
matter of debate. ERPs have also been used with this aim
and different electrophysiological components emerging at least
200ms after the onset of stimulus have been hypothesized to be
responsible for implicit face recognition processing. A pioneering
study (Renault et al., 1989) found that the amplitude of the P300
was modulated by familiar and unfamiliar face processing, while
another paper (Bobes et al., 2003) reported an effect on the N300.
Furthermore, in contrast with our results, the N250, but not the
P600, was found to be a marker of covert face recognition in
developmental prosopagnosia (Eimer et al., 2012).

GENERAL CONCLUSIONS

In the present paper, we tested a patient with AD (and a
control group of healthy participants) on her ability to process
face stimuli in three different experiments. Importantly, EEG
recording was used to find neural markers of face processing, and
experimental manipulations were designed to try dissociating
the perceptual from the memory component of face processing
and recognition. Indeed, the modulation of different ERP
components has been found to correlate with different aspects of
face processing. The N170 reflects the perceptual component of
the generation of a coherent configuration of elements, eventually
resulting in identifying a face as a face, whereas the N250 and the
N400 reflect the memory component of the association of this
specific configuration to the face identity. Specifically, the N250
seems to relate to the interplay between perceptual and memory
stages (Pierce et al., 2011; Eimer et al., 2012; Schweinberger and
Neumann, 2016), while the N400 seems to account for post-
perceptual processing, only related to the memory stage (Bentin
and Deouell, 2000; Jemel et al., 2010; Olivares et al., 2015).

Results of patient MCG in experiment 1 showed that, at
a behavioral level, she could discriminate between meaningful

(faces and houses) and meaningless objects, in line with her
ability to recognize a face as a face. In contrast, ERP data have
shown that the N170, though being small in absolute terms, was
significantly smaller for faces than for houses and scrambled
objects, thus accounting for a deficit that could be ascribed to
difficulties in encoding the specific configurational and structural
elements of faces belonging to specific individuals (Eimer, 2011).

In both experiments 2 and 3, where the patient was asked to
discriminate between upright and inverted faces, data showed
a relatively preserved ability to recognize face orientation by
reacting significantly faster and more accurately when the face
stimuli were presented upright. Importantly, contrary to control
participants, MCG did not show any inversion effect at the
ERP level, i.e., a delayed and enhanced N170 component for
inverted faces as compared to upright ones (Bentin et al., 1996;
Eimer, 2000; Rossion et al., 2000; Sagiv and Bentin, 2001), thus
reinforcing the claim that face recognition problems of MCG
could be due to selective face configurational processing issues.
Alternatively, the lack of the inversion effect may rely on a
feature-based processing (e.g., the position of the eyes) rather
than a configural-based processing. In literature, however, it
is widely accepted that face perception is holistic in nature,
meaning that humans tend to process upright face stimuli as
a whole (Taubert et al., 2011), while this holistic encoding
becomes less efficient with inverted faces (Farah et al., 1995;
Rossion, 2008, 2009). Looking at behavioral data fromMCG, this
pattern seems to be even more exacerbated considering higher
accuracy rates and faster RTs for upright rather than inverted
stimuli, thus supporting a holistic approach rather than a feature-
based processing, in line with healthy participants. Moreover,
comparing upright to inverted faces should offer the unique
opportunity to control low-level visual features since the stimuli
are equivalent in their low-level properties (Willenbockel et al.,
2010). As a proof, no significant effects were found at the P100
level, which is known to reflect low-level visual processing stages.
Nonetheless, recent evidence has suggested a larger role of facial
features (i.e., eyes) for familiar face identity recognition, which
actually occurs later in time affecting components like the N250
(Mohr et al., 2018).

Data from Experiment 2, where the emotional content was
specifically manipulated, showed an enhanced N170 for upright
fearful faces if compared to neutral faces, despite the impaired
ability of a patientMCG to consciously recognize facial emotions.
In line with previous research about negative emotions (e.g.,
Bennett and Hacker, 2005), this result reinforces the idea that
emotional stimuli can be processed outside consciousness, given
their high arousing content. This can represent a useful hint to
develop specific rehabilitation interventions to alleviate or slow
down the decline of face processing problems in patients with AD
(Torres et al., 2015; Torres Mendonça De Melo Fádel et al., 2019)
by taking advantage of the recruitment of spared subcortical
centers needed to process emotional stimuli.

Data from experiment 3, where familiarity was manipulated,
did not show any modulation of the N250. This finding could
be accounted for her inability to access the face representation
stored in visual memory, i.e., her inability to consciously
recognize familiar faces. However, another possibility can hold
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true, i.e., a false negative effect. Indeed, in healthy participants,
we did not find a clear modulation of the N250 in the most
typical topography, i.e., at the posterior electrodes. This lack of
evidence could be caused by the characteristics of the paradigm
used. The task of the participants was to report the orientation
of the presented face, thus familiarity not being relevant for the
task. In this respect, it has been reported that the modulation of
the N250 is more likely to occur when familiarity is task-relevant,
i.e., it is explicitly requested by the task to report whether a
face is familiar or not (Schweinberger et al., 2002; Tanaka et al.,
2006; Webb et al., 2010). Less controversial is the finding related
to the N400 component. Indeed, we found a clear modulation,
both in healthy controls and, more importantly, in patient MCG.
Specifically, the N400, at posterior electrodes, was enhanced in
amplitude for upright familiar faces as compared to that elicited
by unfamiliar faces. This result is extremely relevant to assess the
nature of face recognition deficit of MCG as related to either
the perceptual or the memory component of face processing.
Indeed, since the N400 is considered a correlate of face post-
perceptual processing specifically related to the pure semantic
stage (Bentin and Deouell, 2000; Jemel et al., 2010; Olivares et al.,
2015), its modulation in patient MCG indicates that long-term
memory traces are still preserved in this patient. Importantly, as
she cannot overtly recognize faces, this effect has to be considered
implicit. Again, this effect is not only important to identify
the nature of the deficit but is also of extreme relevance for
rehabilitation protocols. Indeed, if, at least implicitly, memory
traces are preserved and can be recruited, specific interventions
with the use of personally relevant familiar faces could serve to
ameliorate or slow down face processing problems in patients
with AD.

Taken together, the proposed approach may provide useful
insight into the nature of face processing problems in patients
with AD. We believe that the significance of this study is two-
fold, for both basic and clinical science. These data suggest that
a deep investigation of a single case, coupled with the use of
electrophysiology, could lead to scientific advances (Mazzi and
Savazzi, 2019). Specifically, this approach has been helpful in
disentangling the perceptual deficit from memory causes of the
deficit, thus providing a valuable methodology to be used in
future research. Certainly, to ascertain whether face processing
difficulties can be ascribed (also) to the perceptual stage in the
general population of patients with AD, a larger study involving a
group of patients must be carried out as a next step. Importantly,
it remains to be established whether the gnosic nature of face
recognition deficits can be restricted to the subpopulation of
patients with AD with posterior onset of the disease (e.g., Peña-
Casanova et al., 2012; Weintraub et al., 2012), while for other
patients, a memory nature could better explain the deficit. Both
possibilities are at place, although it has recently been reported
that tau deposition (a biomarker of AD) in the inferior temporal
cortex, an important brain region for recognition of faces and
objects in general, tends to be an early sign of AD (e.g., Cho
et al., 2016; Johnson et al., 2016) and can be predicted in clinically
normal elderly participants with cardiovascular disease (Rabin
et al., 2019). This piece of evidence, together with the low rate of
specific assessment in clinical practice of face processing deficits,

or agnosia in general, clearly leading to an underestimation of the
impact of visuoperceptual deficits in patients with AD, suggests
the possibility that a perceptual deficit could be present in a
considerable portion of patients with AD (Lavallée et al., 2016),
at least at a mild stage of the illness.

In this respect, the use of electrophysiological markers in
patients with AD (Rossini et al., 2020) has proved to be a valuable
support to detect early biomarkers (Swanwick et al., 1999; Jackson
and Snyder, 2008; Lai et al., 2010) capable to differentiating a
mild AD from normal aging (Swanwick et al., 1996) and to
reveal disease progression (Lai et al., 2010). Moreover, the data
presented here suggest that electrophysiological biomarkers can
be informative in the differential diagnosis among cognitive
function deficits by revealing their neuropsychological etiology.
These pieces of evidence, together with the suitability and
easiness of the use of EEG in outpatient settings (Cecchi et al.,
2015), strongly warrant the use of electrophysiological markers
in the AD population (Babiloni et al., 2020).

In conclusion, face recognition has a crucial role in
determining the quality of social interaction and the psychosocial
well-being of a patient, which in turn play an essential role
in dementia care (Donix et al., 2013). Therefore, it is our
opinion that a better assessment of specific functions through
electrophysiological markers could be of paramount importance
in clinical practice to obtain a more reliable estimation of the
incidence of these deficits in AD population and thus to improve
the classification and management of patients. Most importantly,
this approach could help to devise ad hoc rehabilitation protocols
for face processing deficits (Hawley and Cherry, 2004), serving
the important goal of reducing the loss of self-confidence and the
rate of social withdrawal typically found in patients with AD as
the illness progresses.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://figshare.com/s/
06414ec1d201866ec5fe.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comitato etico indipendente per l’approvazione
di studi e sperimentazioni cliniche of the Department of
Neuroscience, Biomedicine and Movement, University of
Verona. The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in
this article.

AUTHOR CONTRIBUTIONS

SS and GM contributed to the conception and design of the
study. CM and SS programed the experiments and contributed

Frontiers in Aging Neuroscience | www.frontiersin.org 13 December 2020 | Volume 12 | Article 580609

https://figshare.com/s/06414ec1d201866ec5fe
https://figshare.com/s/06414ec1d201866ec5fe
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Mazzi et al. Prosopagnosia: EEG Markers in AD

to the data acquisition and organization of the database. LD
contributed to patient’s referral, supervised instrumental and
biological testing, and provided the neurological diagnosis.
GM contributed to the patient’s neuropsychological assessment
and data scoring and analysis. CM performed preprocessing
and statistical analysis of behavioral and EEG data. CM,
SS, and JS-L discussed data analyses and contributed to
data organization. SS, CM, and GM wrote the first draft
of the manuscript. All authors contributed to manuscript
discussion, revision, reading, and finally approved the
submitted version.

FUNDING

This research was partially supported by ERC Grant 339939
Perceptual Awareness and by MIUR PRIN Grants Nos.
2015NA4S55_002 and 2017TBA4KS_002.

ACKNOWLEDGMENTS

We are grateful to MCG for her kind participation in the
study. We would like also to thank Tessa Marzi for providing
face databases.

REFERENCES

Avidan, G., and Behrmann, M. (2008). Implicit familiarity processing in congenital
prosopagnosia. J. Neuropsychol. 2, 141–164. doi: 10.1348/174866407X260180

Babiloni, C., Blinowska, K., Bonanni, L., Cichocki, A., De Haan, W., Del Percio,
C., et al. (2020). What electrophysiology tells us about alzheimer’s disease: a
window into the synchronization and connectivity of brain neurons.Neurobiol.
Aging. 85, 58–73. doi: 10.1016/j.neurobiolaging.2019.09.008

Becker, J. T., Lopez, O. L., and Boller, F. (1995). Understanding impaired analysis
of faces by patients with probable alzheimer’s disease. Cortex 31, 129–137.
doi: 10.1016/S0010-9452(13)80111-6

Bell, A. J., and Sejnowski, T. J. (1995). An information-maximization approach
to blind separation and blind deconvolution. Neural Comput. 7, 1129–59.
doi: 10.1162/neco.1995.7.6.1129

Bennett, M. R., and Hacker, P. M. S. (2005). Emotion and cortical-
subcortical function: conceptual developments. Prog. Neurobiol. 75, 29–52.
doi: 10.1016/j.pneurobio.2004.11.002

Bentin, S., Allison, T., Puce, A., Perez, E., and McCarthy, G. (1996).
Electrophysiological studies of face perception in humans. J. Cogn. Neurosci.
8, 551–565. doi: 10.1162/jocn.1996.8.6.551

Bentin, S., and Deouell, L. Y. (2000). Structural encoding and identification in face
processing: ERP evidence for separate mechanisms. Cogn. Neuropsychol. 17,
35–54. doi: 10.1080/026432900380472

Blau, V. C., Maurer, U., Tottenham, N., and McCandliss, B. D. (2007). The face-
specific N170 component is modulated by emotional facial expression. Behav.
Brain Funct. 3:7. doi: 10.1186/1744-9081-3-7

Bobes, M. A., Lopera, F., Garcia, M., Díaz-Comas, L., Galan, L., and Valdes-Sosa,
M. (2003). Covert matching of unfamiliar faces in a case of prosopagnosia: an
ERP study. Cortex 39, 41–56. doi: 10.1016/S0010-9452(08)70073-X

Bötzel, K., Schulze, S., and Stodieck, S. R. (1995). Scalp topography and analysis
of intracranial sources of face-evoked potentials. Exp. Brain Res. 104, 135–143.
doi: 10.1007/BF00229863

Bruyer, R. (1991). Covert face recognition in prosopagnosia: a review. Brain Cogn.

15, 223–235. doi: 10.1016/0278-2626(91)90027-6
Caharel, S., d’Arripe, O., Ramon, M., Jacques, C., and Rossion, B. (2009). Early

adaptation to repeated unfamiliar faces across viewpoint changes in the right
hemisphere: evidence from the N170 ERP component. Neuropsychologia 47,
639–643. doi: 10.1016/j.neuropsychologia.2008.11.016

Carlesimo, G. A., Caltagirone, C., Gainotti, G., Fadda, L., Gallassi, R., Lorusso,
S., et al. (1996). The mental deterioration battery: normative data, diagnostic
reliability and qualitative analyses of cognitive impairment. Eur. Neurol. 36,
378–384. doi: 10.1159/000117297

Cecchi, M., Moore, D. K., Sadowsky, C. H., Solomon, P. R., Doraiswamy, P. M.,
Smith, C. D., et al. (2015). A clinical trial to validate event-related potential
markers of alzheimer’s disease in outpatient settings. Alzheimer’s Dement. 1,
387–394. doi: 10.1016/j.dadm.2015.08.004

Cecere, R., Bertini, C., Maier, M. E., and Làdavas, E. (2014). Unseen fearful faces
influence face encoding: evidence from ERPs in hemianopic patients. J. Cogn.
Neurosci. 26, 2564–2577. doi: 10.1162/jocn_a_00671

Cheng, P. J., and Pai, M. C. (2010). Dissociation between recognition
of familiar scenes and of faces in patients with very mild alzheimer

disease: an event-related potential study. Clin. Neurophysiol. 121, 1519–1525.
doi: 10.1016/j.clinph.2010.03.033

Cho, H., Choi, J. Y., Hwang, M. S., Kim, Y. J., Lee, H. M., Lee, H. S., et al. (2016).
In vivo cortical spreading pattern of tau and amyloid in the alzheimer disease
spectrum. Ann. Neurol. 80, 247–258. doi: 10.1002/ana.24711

Crawford, J. R., and Garthwaite, P. H. (2002). Investigation of the single
case in neuropsychology: confidence limits on the abnormality of
test scores and test score differences. Neuropsychologia 40, 1196–1208.
doi: 10.1016/S0028-3932(01)00224-X

Crawford, J. R., Garthwaite, P. H., and Porter, S. (2010). Point and interval
estimates of effect sizes for the case-controls design in neuropsychology:
rationale, methods, implementations, and proposed reporting standards.
Cogn. Neuropsychol. 27, 245–260. doi: 10.1080/02643294.2010.
513967

Crawford, J. R., and Howell, D. C. (1998). Comparing an individual’s test score
against norms derived from small samples. Clin. Neuropsychol. 12, 482–486.
doi: 10.1076/clin.12.4.482.7241

De Haan, E. H. F., Young, A. W., and Newcombe, F. (1991). Covert
and overt recognition in prosopagnosia. Brain 114, 2575–2591.
doi: 10.1093/brain/114.6.2575

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis. J.
Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Donix, M., Jurjanz, L., Meyer, S., Amanatidis, E. C., Baeumler, D., Huebner, T.,
et al. (2013). Functional imaging during recognition of personally familiar
faces and places in alzheimer’s disease. Arch. Clin. Neuropsychol. 28, 72–80.
doi: 10.1093/arclin/acs093

Duyckaerts, C., Delatour, B., and Potier, M.-C. (2009). Classification and
basic pathology of alzheimer disease. Acta Neuropathol. 118, 5–36.
doi: 10.1007/s00401-009-0532-1

Eimer, M. (2000). Event-related brain potentials distinguish processing stages
involved in face perception and recognition. Clin. Neurophysiol. 111, 694–705.
doi: 10.1016/S1388-2457(99)00285-0

Eimer, M. (2011). The face-sensitivity of the n170 component. Front. Hum.

Neurosci. 5:119. doi: 10.3389/fnhum.2011.00119
Eimer, M., Gosling, A., and Duchaine, B. (2012). Electrophysiological markers of

covert face recognition in developmental prosopagnosia. Brain 135, 542–554.
doi: 10.1093/brain/awr347

Farah, M. J., Tanaka, J. W., and Drain, H. M. (1995). What causes the
face inversion effect? J. Exp. Psychol. Hum. Percept. Perform. 21, 628–634.
doi: 10.1037/0096-1523.21.3.628

Giovagnoli, A. R., Del Pesce, M., Mascheroni, S., Simoncelli, M., Laiacona,
M., and Capitani, E. (1996). Trail making test: normative values from 287
normal adult controls. Ital. J. Neurol. Sci. 17, 305–309. doi: 10.1007/BF019
97792

Greene, J. D. W., and Hodges, J. R. (1996). Identification of famous faces
and famous names in early alzheimer’s disease. Brain 119, 111–128.
doi: 10.1093/brain/119.1.111

Hawley, K. S., and Cherry, K. E. (2004). Spaced-retrieval effects on name-face
recognition in older adults with probable alzheimer’s disease. Behav. Modif. 28,
276–296. doi: 10.1177/0145445503259283

Frontiers in Aging Neuroscience | www.frontiersin.org 14 December 2020 | Volume 12 | Article 580609

https://doi.org/10.1348/174866407X260180
https://doi.org/10.1016/j.neurobiolaging.2019.09.008
https://doi.org/10.1016/S0010-9452(13)80111-6
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1016/j.pneurobio.2004.11.002
https://doi.org/10.1162/jocn.1996.8.6.551
https://doi.org/10.1080/026432900380472
https://doi.org/10.1186/1744-9081-3-7
https://doi.org/10.1016/S0010-9452(08)70073-X
https://doi.org/10.1007/BF00229863
https://doi.org/10.1016/0278-2626(91)90027-6
https://doi.org/10.1016/j.neuropsychologia.2008.11.016
https://doi.org/10.1159/000117297
https://doi.org/10.1016/j.dadm.2015.08.004
https://doi.org/10.1162/jocn_a_00671
https://doi.org/10.1016/j.clinph.2010.03.033
https://doi.org/10.1002/ana.24711
https://doi.org/10.1016/S0028-3932(01)00224-X
https://doi.org/10.1080/02643294.2010.513967
https://doi.org/10.1076/clin.12.4.482.7241
https://doi.org/10.1093/brain/114.6.2575
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1093/arclin/acs093
https://doi.org/10.1007/s00401-009-0532-1
https://doi.org/10.1016/S1388-2457(99)00285-0
https://doi.org/10.3389/fnhum.2011.00119
https://doi.org/10.1093/brain/awr347
https://doi.org/10.1037/0096-1523.21.3.628
https://doi.org/10.1007/BF01997792
https://doi.org/10.1093/brain/119.1.111
https://doi.org/10.1177/0145445503259283
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Mazzi et al. Prosopagnosia: EEG Markers in AD

Hodges, J. R. (2006). Alzheimer’s centennial legacy: origins, landmarks and
the current status of knowledge concerning cognitive aspects. Brain 129,
2811–2822. doi: 10.1093/brain/awl275

Hodges, J. R., and Greene, J. D. W. (1998). Knowing about people and naming
them: can alzheimer’s disease patients do one without the other? Q. J. Exp.

Psychol. Sect. A 51, 121–134. doi: 10.1080/713755753
Huang, W., Wu, X., Hu, L., Wang, L., Ding, Y., and Qu, Z. (2017). Revisiting

the earliest electrophysiological correlate of familiar face recognition. Int. J.
Psychophysiol. 120, 42–53. doi: 10.1016/j.ijpsycho.2017.07.001

Itier, R. J., and Taylor, M. J. (2004). N170 or N1? Spatiotemporal differences
between object and face processing using ERPs. Cereb. Cortex 14, 132–142.
doi: 10.1093/cercor/bhg111

Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B.,
Haeberlein, S. B., et al. (2018). NIA-AA research framework: toward a
biological definition of alzheimer’s disease. Alzheimer’s Dement. 14, 535–562.
doi: 10.1016/j.jalz.2018.02.018

Jackson, C. E., and Snyder, P. J. (2008). Electroencephalography and event-
related potentials as biomarkers of mild cognitive impairment and
mild alzheimer’s disease. Alzheimer’s Dement. 4(1 Suppl 1), S137–43.
doi: 10.1016/j.jalz.2007.10.008

Jemel, B., Pisani, M., Rousselle, L., Crommelinck, M., and Bruyer, R. (2005).
Exploring the functional architecture of person recognition system with
event-related potentials in a within- and cross-domain self-priming of faces.
Neuropsychologia 43, 2024–40. doi: 10.1016/j.neuropsychologia.2005.03.016

Jemel, B., Schuller, A. M., and Goffaux, V. (2010). Characterizing the spatio-
temporal dynamics of the neural events occurring prior to and up to
overt recognition of famous faces. J. Cogn. Neurosci. 22, 2289–2305.
doi: 10.1162/jocn.2009.21320

Johnson, K. A., Schultz, A., Betensky, R. A., Becker, J. A., Sepulcre, J., Rentz, D.,
et al. (2016). Tau positron emission tomographic imaging in aging and early
alzheimer disease. Ann. Neurol. 79, 110–119. doi: 10.1002/ana.24546

Lai, C. L., Lin, R. T., Liou, L. M., and Liu, C. K. (2010). The role of event-related
potentials in cognitive decline in alzheimer’s disease. Clin. Neurophysiol. 121,
194–9. doi: 10.1016/j.clinph.2009.11.001

Lavallée, M. M., Gandini, D., Rouleau, I., Vallet, G. T., Joannette, M., Kergoat,
M.-J., et al. (2016). A qualitative impairment in face perception in alzheimer’s
disease: evidence from a reduced face inversion effect. J. Alzheimer’s Dis. 51,
1225–1236. doi: 10.3233/JAD-151027

Magni, E., Binetti, G., Bianchetti, A., Rozzini, R., and Trabucchi, M. (1996). Mini-
mental state examination: a normative study in Italian elderly population. Eur.
J. Neurol. 3, 198–202. doi: 10.1111/j.1468-1331.1996.tb00423.x

Mazzi, C., and Savazzi, S. (2019). The glamor of old-style single-case studies in
the neuroimaging era: insights from a patient with hemianopia. Front. Psychol.
10:965. doi: 10.3389/fpsyg.2019.00965

Miyahara, M., Harada, T., Ruffman, T., Sadato, N., and Iidaka, T. (2013).
Functional connectivity between amygdala and facial regions involved
in recognition of facial threat. Soc. Cogn. Affect. Neurosci. 8, 181–189.
doi: 10.1093/scan/nsr085

Mohr, S., Wang, A., and Engell, A. D. (2018). Early identity recognition of familiar
faces is not dependent on holistic processing. Soc. Cogn. Affect. Neurosci. 13,
1019–1027. doi: 10.1093/scan/nsy079

Mondini, S., Mapelli, D., Vestri, A., Arcara, G., and Bisiacchi, P. S. (2011). Esame

Neuropsicologico Breve, 2nd ed. ed. R. Cortina (Milano).
Mondini, S., and Semenza, C. (2006). How berlusconi keeps his face: a

neuropsychological study in a case of semantic dementia. Cortex 42, 332–5.
doi: 10.1016/S0010-9452(08)70359-9

Morris, J. S., DeGelder, B., and Weiskrantz, L. D. R. (2001). Differential
extrageniculostriate and amygdala responses to presentation of emotional
faces in a cortically blind field. Brain 124, 1241–1252. doi: 10.1093/brain/12
4.6.1241

Morris, J. S., Öhman, A., and Dolan, R. J. (1999). A subcortical pathway to the right
amygdala mediating “unseen” fear. Proc. Natl. Acad. Sci. U.S.A. 96, 1680–1685.
doi: 10.1073/pnas.96.4.1680

Mullen, T. (2012). CleanLine EEGLAB Plugin. San Diego, CA: Neuroimaging
Informatics Toolsand Resour Clear (NITRC).

Neumann, M. F., and Schweinberger, S. R. (2008). N250r and N400 ERP correlates
of immediate famous face repetition are independent of perceptual load. Brain
Res. 1239, 181–190. doi: 10.1016/j.brainres.2008.08.039

Novelli, G., Papagno, C., Capitani, E., Laiacona, M., Vallar, G., and Cappa, S. F.
(1986). Tre test clinici di ricerca e produzione lessicale. Taratura su soggetti
normali. Arch. Psicol. Neurol. Psichiatr. 47, 477–506.

Öhman, A. (2005). The role of the amygdala in human fear:
automatic detection of threat. Psychoneuroendocrinology 30, 953–958.
doi: 10.1016/j.psyneuen.2005.03.019

Olivares, E. I., Iglesias, J., Saavedra, C., Trujillo-Barreto, N. J., and Valdés-Sosa, M.
(2015). Brain signals of face processing as revealed by event-related potentials.
Behav. Neurol. 2015:514361. doi: 10.1155/2015/514361

Peña-Casanova, J., Sánchez-Benavides, G., de Sola, S., Manero-Borrás, R. M., and
Casals-Coll, M. (2012). Neuropsychology of alzheimer’s disease.Arch.Med. Res.

43, 686–693. doi: 10.1016/j.arcmed.2012.08.015
Pierce, L. J., Scott, L. S., Boddington, S., Droucker, D., Curran, T., and Tanaka, J.

W. (2011). The N250 brain potential to personally familiar and newly learned
faces and objects. Front. Hum. Neurosci. 5:111. doi: 10.3389/fnhum.2011.00111

Prieto, E. (2011). Early (N170/M170) face-sensitivity despite right lateral occipital
brain damage in acquired prosopagnosia. Front. Hum. Neurosci. 5:138.
doi: 10.3389/fnhum.2011.00138

Rabin, J. S., Yang, H. S., Schultz, A. P., Hanseeuw, B. J., Hedden, T., Viswanathan,
A., et al. (2019). Vascular risk and β-amyloid are synergistically associated with
cortical tau. Ann. Neurol. 85, 272–279. doi: 10.1002/ana.25399

Renault, B., Signoret, J. L., Debruille, B., Breton, F., and Bolgert, F. (1989). Brain
potentials reveal covert facial recognition in prosopagnosia. Neuropsychologia
27, 905–912. doi: 10.1016/0028-3932(89)90066-3

Rey, A. (1958). L’examen Clinique en Psychologie [The Clinical Examination in

Psychology]. Paris: Presses Universitaries De France.
Rossini, P. M., Di Iorio, R., Vecchio, F., Anfossi, M., Babiloni, C., Bozzali, M., et al.

(2020). Early diagnosis of alzheimer’s disease: the role of biomarkers including
advanced EEG signal analysis. Report from the IFCN-sponsored panel of
experts. Clin. Neurophysiol. 131, 1287–1310. doi: 10.1016/j.clinph.2020.03.003

Rossion, B. (2008). Picture-plane inversion leads to qualitative changes of face
perception. Acta Psychol. 128, 274–289. doi: 10.1016/j.actpsy.2008.02.003

Rossion, B. (2009). Distinguishing the cause and consequence of face
inversion: the perceptual field hypothesis. Acta Psychol. 132, 300–312.
doi: 10.1016/j.actpsy.2009.08.002

Rossion, B., Delvenne, J. F., Debatisse, D., Goffaux, V., Bruyer, R., Crommelinck,
M., et al. (1999). Spatio-temporal localization of the face inversion
effect: an event-related potentials study. Biol. Psychol. 50, 173–189.
doi: 10.1016/S0301-0511(99)00013-7

Rossion, B., and Gauthier, I. (2002). How does the brain process
upright and inverted faces? Behav. Cogn. Neurosci. Rev. 1, 63–75.
doi: 10.1177/1534582302001001004

Rossion, B., Gauthier, I., Tarr, M. J., Despland, P., Bruyer, R., Linotte, S., et al.
(2000). The N170 occipito-temporal component is delayed and enhanced
to inverted faces but not to inverted objects. Neuroreport 11, 69–72.
doi: 10.1097/00001756-200001170-00014

Rossion, B., and Jacques, C. (2008). Does physical interstimulus variance
account for early electrophysiological face sensitive responses in the
human brain? Ten lessons on the N170. Neuroimage 39, 1959–1979.
doi: 10.1016/j.neuroimage.2007.10.011

Sagiv, N., and Bentin, S. (2001). Structural encoding of human and schematic
faces: holistic and part-based processes. J. Cogn. Neurosci. 13, 937–951.
doi: 10.1162/089892901753165854

Schweinberger, S. R., Huddy, V., and Burton, A. M. (2004). N250r: a face-
selective brain response to stimulus repetitions. Neuroreport 15, 1501–1505.
doi: 10.1097/01.wnr.0000131675.00319.42

Schweinberger, S. R., and Neumann, M. F. (2016). Repetition effects in human
ERPs to faces. Cortex 80, 141–153. doi: 10.1016/j.cortex.2015.11.001

Schweinberger, S. R., Pfütze, E.-M., and Sommer, W. (1995). Repetition
priming and associative priming of face recognition: evidence from event-
related potentials. J. Exp. Psychol. Learn. Mem. Cogn. 21, 722–736.
doi: 10.1037/0278-7393.21.3.722

Schweinberger, S. R., Pickering, E. C., Jentzsch, I., Burton, A. M., and Kaufmann,
J. M. (2002). Event-related brain potential evidence for a response of inferior
temporal cortex to familiar face repetitions. Cogn. Brain Res. 14, 398–409.
doi: 10.1016/S0926-6410(02)00142-8

Sheikh, J. I., and Yesavage, J. A. (1986). 9/geriatric depression scale (Gds) recent
evidence and development of a shorter version. Clin. Gerontol. 66, 1708–1715.

Frontiers in Aging Neuroscience | www.frontiersin.org 15 December 2020 | Volume 12 | Article 580609

https://doi.org/10.1093/brain/awl275
https://doi.org/10.1080/713755753
https://doi.org/10.1016/j.ijpsycho.2017.07.001
https://doi.org/10.1093/cercor/bhg111
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2007.10.008
https://doi.org/10.1016/j.neuropsychologia.2005.03.016
https://doi.org/10.1162/jocn.2009.21320
https://doi.org/10.1002/ana.24546
https://doi.org/10.1016/j.clinph.2009.11.001
https://doi.org/10.3233/JAD-151027
https://doi.org/10.1111/j.1468-1331.1996.tb00423.x
https://doi.org/10.3389/fpsyg.2019.00965
https://doi.org/10.1093/scan/nsr085
https://doi.org/10.1093/scan/nsy079
https://doi.org/10.1016/S0010-9452(08)70359-9
https://doi.org/10.1093/brain/124.6.1241
https://doi.org/10.1073/pnas.96.4.1680
https://doi.org/10.1016/j.brainres.2008.08.039
https://doi.org/10.1016/j.psyneuen.2005.03.019
https://doi.org/10.1155/2015/514361
https://doi.org/10.1016/j.arcmed.2012.08.015
https://doi.org/10.3389/fnhum.2011.00111
https://doi.org/10.3389/fnhum.2011.00138
https://doi.org/10.1002/ana.25399
https://doi.org/10.1016/0028-3932(89)90066-3
https://doi.org/10.1016/j.clinph.2020.03.003
https://doi.org/10.1016/j.actpsy.2008.02.003
https://doi.org/10.1016/j.actpsy.2009.08.002
https://doi.org/10.1016/S0301-0511(99)00013-7
https://doi.org/10.1177/1534582302001001004
https://doi.org/10.1097/00001756-200001170-00014
https://doi.org/10.1016/j.neuroimage.2007.10.011
https://doi.org/10.1162/089892901753165854
https://doi.org/10.1097/01.wnr.0000131675.00319.42
https://doi.org/10.1016/j.cortex.2015.11.001
https://doi.org/10.1037/0278-7393.21.3.722
https://doi.org/10.1016/S0926-6410(02)00142-8
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Mazzi et al. Prosopagnosia: EEG Markers in AD

Snodgrass, J. G., and Vanderwart, M. (1980). A standardized set of 260
pictures: norms for name agreement, image agreement, familiarity,
and visual complexity. J. Exp. Psychol. Hum. Learn. Mem. 6, 174–215.
doi: 10.1037/0278-7393.6.2.174

Sunderland, T., Hill, J. L., Mellow, A. M., Lawlor, B. A., Gundersheimer, J.,
Newhouse, P. A., et al. (1989). Clock drawing in alzheimer’s disease. J. Am.

Geriatr. Soc. 37, 725–729. doi: 10.1111/j.1532-5415.1989.tb02233.x
Swanwick, G. R. J., Rowan, M., Coen, R. F., O’Mahony, D., Lee, H., Lawlor, B.

A., et al. (1996). Clinical application of electrophysiological markers in the
differential diagnosis of depression and very mild alzheimer’s disease. J. Neurol.
Neurosurg. Psychiatry 60, 82–6. doi: 10.1136/jnnp.60.1.82

Swanwick, G. R. J., Rowan, M. J., Coen, R. F., Coakley, D., and Lawlor, B. A. (1999).
Prognostic value of electrophysiological markers in alzheimer’s disease. Am. J.

Geriatr. Psychiatry 7, 335–8. doi: 10.1097/00019442-199911000-00010
Tanaka, J. W., Curran, T., Porterfield, A. L., and Collins, D. (2006). Activation

of preexisting and acquired face representations: the N250 event-related
potential as an index of face familiarity. J. Cogn. Neurosci. 18, 1488–1497.
doi: 10.1162/jocn.2006.18.9.1488

Taubert, J., Apthorp, D., Aagten-Murphy, D., and Alais, D. (2011). The role of
holistic processing in face perception: evidence from the face inversion effect.
Vision Res. 51, 1273–1278. doi: 10.1016/j.visres.2011.04.002

Taylor, J. M., Shehzad, Z., and McCarthy, G. (2016). Electrophysiological
correlates of face-evoked person knowledge. Biol. Psychol. 118, 136–146.
doi: 10.1016/j.biopsycho.2016.05.011

Torres Mendonça De Melo Fádel, B., Santos De Carvalho, R. L., Belfort Almeida
Dos Santos, T. T., and Dourado, M. C. N. (2019). Facial expression recognition
in alzheimer’s disease: a systematic review. J. Clin. Exp. Neuropsychol. 41,
192–203. doi: 10.1080/13803395.2018.1501001

Torres, B., Santos, R. L., Sousa, M. F. B., de, Simões Neto, J. P., Nogueira,
M. M. L., Belfort, T. T., et al. (2015). Facial expression recognition in
alzheimer’s disease: a longitudinal study. Arq. Neuropsiquiatr. 73, 383–9.
doi: 10.1590/0004-282X20150009

Tottenham, N., Tanaka, J. W., Leon, A. C., McCarry, T., Nurse, M.,
Hare, T. A., et al. (2009). The NimStim set of facial expressions:
judgments from untrained research participants. Psychiatry Res. 168, 242–9.
doi: 10.1016/j.psychres.2008.05.006

Tseng, L. Y., Tseng, P., Liang, W. K., Hung, D. L., Tzeng, O. J. L., Muggleton, N. G.,
et al. (2014). The role of superior temporal sulcus in the control of irrelevant

emotional face processing: a transcranial direct current stimulation study.
Neuropsychologia 64, 124–133. doi: 10.1016/j.neuropsychologia.2014.09.015

Turano, M. T., Lao, J., Richoz, A. R., de Lissa, P., Degosciu, S. B. A., Viggiano, M.
P., et al. (2017). Fear boosts the early neural coding of faces. Soc. Cogn. Affect.
Neurosci. 12, 1959–1971. doi: 10.1093/scan/nsx110

Vuilleumier, P., Armony, J. L., Clarke, K., Husain, M., Driver, J., and
Dolan, R. J. (2002). Neural response to emotional faces with and without
awareness: event-related fMRI in a parietal patient with visual extinction and
spatial neglect. Neuropsychologia 40, 2156–2166. doi: 10.1016/S0028-3932(02)
00045-3

Webb, S. J., Jones, E. J. H., Merkle, K., Murias, M., Greenson, J., Richards, T.,
et al. (2010). Response to familiar faces, newly familiar faces, and novel faces
as assessed by ERPs is intact in adults with autism spectrum disorders. Int. J.
Psychophysiol. 77, 106–117. doi: 10.1016/j.ijpsycho.2010.04.011

Weintraub, S., Wicklund, A. H., and Salmon, D. P. (2012). The neuropsychological
profile of alzheimer disease. Cold Spring Harb. Perspect. Med. 2:e006171.
doi: 10.1101/cshperspect.a006171

Willenbockel, V., Fiset, D., Chauvin, A., Blais, C., Arguin, M., Tanaka, J. W., et al.
(2010). Does face inversion change spatial frequency tuning? J. Exp. Psychol.
Hum. Percept. Perform. 36, 122–135. doi: 10.1037/a0016465

Wuttke, S. J., and Schweinberger, S. R. (2019). The P200 predominantly reflects
distance-to-norm in face space whereas the N250 reflects activation of
identity-specific representations of known faces. Biol. Psychol. 140, 86–95.
doi: 10.1016/j.biopsycho.2018.11.011

Yin, R. K. (1969). Looking at upside-down faces. J. Exp. Psychol. 81, 141–145.
doi: 10.1037/h0027474

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Mazzi, Massironi, Sanchez-Lopez, De Togni and Savazzi. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 16 December 2020 | Volume 12 | Article 580609

https://doi.org/10.1037/0278-7393.6.2.174
https://doi.org/10.1111/j.1532-5415.1989.tb02233.x
https://doi.org/10.1136/jnnp.60.1.82
https://doi.org/10.1097/00019442-199911000-00010
https://doi.org/10.1162/jocn.2006.18.9.1488
https://doi.org/10.1016/j.visres.2011.04.002
https://doi.org/10.1016/j.biopsycho.2016.05.011
https://doi.org/10.1080/13803395.2018.1501001
https://doi.org/10.1590/0004-282X20150009
https://doi.org/10.1016/j.psychres.2008.05.006
https://doi.org/10.1016/j.neuropsychologia.2014.09.015
https://doi.org/10.1093/scan/nsx110
https://doi.org/10.1016/S0028-3932(02)00045-3
https://doi.org/10.1016/j.ijpsycho.2010.04.011
https://doi.org/10.1101/cshperspect.a006171
https://doi.org/10.1037/a0016465
https://doi.org/10.1016/j.biopsycho.2018.11.011
https://doi.org/10.1037/h0027474
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Face Recognition Deficits in a Patient With Alzheimer's Disease: Amnesia or Agnosia? The Importance of Electrophysiological Markers for Differential Diagnosis
	Highlights
	Introduction
	The General Method
	Participants
	Neuropsychological Testing
	Experimental Design, Apparatus, and Stimuli
	EEG Recording, Preprocessing, and Event-Related Brain Potential Analysis
	Statistical Analysis
	Behavioral Data
	EEG Data


	Experiment 1—Face Processing
	Stimuli and Design
	Results and Discussion

	Experiment 2—Effects of Face Inversion and Emotion
	Stimuli and Design
	Results and Discussion

	Experiment 3—Effects of Face Inversion and Familiarity
	Stimuli and Design
	Results and Discussion

	General Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


