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Abstract. Early identification of amnestic mild cognitive impairment (aMCI) subtypes is important for early diagnosis and
prognosis of Alzheimer’s disease. Healthy, single-domain (sdaMCI) and multiple-domain aMCI (mdaMCI) participants
performed an auditory-visual distraction-attention task. Event-related brain potentials (ERPs) were recorded while the participants performed the task to evaluate Go/NoGo N2 and P3 ERP components. The results showed the expected behavioral
and cognitive decline in mdaMCI participants relative to controls (fewer hits, longer reaction times [RTs], slightly smaller
Go-N2 and NoGo-N2 amplitudes), while sdaMCI participants showed some decline (slightly longer RTs, smaller Go- and
NoGo-N2 amplitudes) along with some unexpected results (a late positive slow wave, PSW) and good levels of execution. In
addition, some of these parameters proved to be useful markers. Thus, the number of hits was the best marker for diagnosing
mdaMCI participants (distinguishing them from controls, from sdaMCI participants, and from both groups together), while
the PSW amplitude was the best marker for diagnosing sdaMCI participants (distinguishing them from controls, and from
control & mdaMCI participants).
Keywords: Biomarkers, electroencephalogram, event-related potentials, mild cognitive impairment, slow wave

INTRODUCTION
Dementia has become a major health and social
problem in the last few decades [1]. This is particularly true of Alzheimer’s disease (AD), the most
common form of dementia [2], leading to a growing interest in the preclinical and prodromal stages
of the disease. Mild cognitive impairment (MCI) is
a diagnostic entity representing those intermediate
states between healthy aging and dementia. Early
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identification of biomarkers and other indicators of
MCI is important, as it would allow intervention
before brain damage becomes permanent [3, 4].
Several methods of obtaining biomarkers for AD
and MCI have been proposed. Ideally, a marker
should be able to detect the neuropathology and
must be validated in neuropathologically confirmed
cases; it also should be precise, reliable, noninvasive, simple to perform, and inexpensive [5].
The biomarkers proposed for identifying MCI [6]
are obtained by relatively expensive (functional magnetic resonance) and/or invasive methods (positron
emission tomography or cerebrospinal fluid measures), and they have not yet been standardized [7].
However, these methods do not include other techniques, such as electroencephalography (quantitative
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electroencephalography or event-related brain potentials [ERPs]), which has shown to be useful in the
search for biomarkers of MCI and AD (e.g., [8–11];
for reviews see [12, 13]).
Two subtypes of MCI have been identified on the
basis of whether memory is impaired or not: amnestic
and non-amnestic MCI (aMCI and naMCI, respectively). The amnestic subtype is more likely than
the non-amnestic subtype to progress to AD [14].
Examination of clinical cohorts suggests that about
10–15% of patients with aMCI develop AD each year,
compared with 3% in the general older population
[15]. In addition, the prognosis of people diagnosed
with multi-domain aMCI (mdaMCI, in which memory is impaired along with other cognitive domain/s)
is worse than that of those diagnosed with singledomain aMCI (sdaMCI, in which only memory is
impaired), as the progression to dementia is much
more common and occurs faster in such cases [16,
17].
Although memory decline seems to be the hallmark of aMCI, several studies show that other
cognitive domains may be affected, such as those
related to executive function (e.g., [18–20]). This
has also been demonstrated for sdaMCI, even when
the diagnostic tools only reveal memory impairments
[21]. Executive functioning refers to those cognitive processes involving higher level organization and
execution of complex thought and behavior [22], necessary to guide thoughts and actions in accord with
internal intentions. These processes include stimulus evaluation, and response inhibition and execution
[23, 24], all of which play an essential role in daily
life activities.
The aforementioned processes have been investigated in ERP studies. The ERP correlates of the
stimulus evaluation processes are the N2b (or GoN2) and the P3b (or Go-P3) ERP components. The
former is a negative component that typically appears
at central electrodes in the 200–300 ms post-stimulus
window and is thought to reflect the conscious evaluation of a stimulus [25–27]. By contrast, the P3b
component is typically maximal at parietal electrodes
in young adults with latencies of 300–700 ms after
presentation of a target stimulus, and it has been
classically interpreted as a correlate of target stimulus classification [28–30], although its functional
significance is still under debate [31, 32].
The NoGo-N2 and -P3 ERP components are ERP
indexes of prepotent response inhibition. NoGo-N2
is a negative component usually identified at frontocentral locations around the 200–400 ms interval

after stimulus presentation [33–35] and is followed
by the NoGo-P3 component at the same locations in
the 300–500 ms interval [34, 36]. Classically, these
components have been considered indices of response
inhibition (e.g., [37–39]). However, this view has
been challenged by others: the NoGo-N2 ERP component has been alternatively considered an index
of response conflict [40–43]; the NoGo-P3 component has also been considered a response-monitoring
process [44–46], and even as an orienting response
similar to that indicated by P3a [47–49].
All of these ERP components have been studied to
different extents in aMCI. The P3b amplitude does
not usually differentiate between aMCI and control
adults [10, 50–55] although some studies found significantly smaller P3b amplitudes in aMCI than in
control participants [56]. However, in several studies, aMCI participants showed longer P3b latencies
than healthy controls [26, 50, 53, 56–58], although
many other studies did not find such differences [10,
51, 52, 54, 55, 59–61].
Contradictory results have also been obtained in
relation to the N2b amplitude. Thus, while most
studies did not find any differences between aMCI
and control participants in relation to this component
(e.g., [58, 62]), others found larger [53, 63] or lower
[55] amplitudes in the former group. Nevertheless, (1)
aMCI participants usually show longer N2b latencies
than control participants [26, 53, 62–64]; although
some studies failed to find such differences ([50, 55];
for a review, see [65]); (2) N2b latency seems to distinguish between single-domain and multi-domain
aMCI [10]; and (3) the N2b latency may also be a
good predictor of progression from MCI to AD [64].
The NoGo-N2 and NoGo-P3 components have
also been studied in aMCI participants, although to
a lesser extent. In a previous study comparing aMCI
adults and healthy controls, we observed lower GoN2 and NoGo-N2 amplitudes, along with poorer
performance in the Go condition in the former group
[55]. These results were interpreted as deficits in the
processes indicated by these components in the aMCI
adults. There were no significant group effects in relation to the Go- and NoGo-P3 components. In a recent
study, two different Go/NoGo tasks were used to
evaluate possible differences between aMCI participants and healthy controls [51]. The authors observed
longer N2 latencies in the former group (both in the
Go and NoGo conditions), along with poorer performance in the NoGo condition (more commission
errors) and no behavioral differences in the Go condition [51]. This study did not reveal any differences
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between the groups in Go- or NoGo-P3 parameters.
The authors interpreted these findings as indicating a
possible decline in processes that are common to both
Go and NoGo trials (such as the initial evaluation of
the stimuli), which may affect response execution as
the disease progresses. Finally, López Zunini et al.
[66] also used a Go/NoGo task to compare aMCI participants and healthy controls, although these authors
did not evaluate Go-N2 parameters or Go- and NoGoP3 latencies. MCI participants obtained less accurate
scores (both in Go and NoGo conditions), with no
differences in RTs (expected due to the features of
the paradigm), along with lower Go- and NoGo-P3
amplitudes. These results were interpreted as reflecting some deficits in aMCI participants associated
with target detection and evaluation as well as with
inhibitory control [66].
The differences between studies may be due to several factors, such as the large differences between the
Go/NoGo tasks and stimuli, differences in the diagnostic methods and possible differences in the sample
characteristics. Few studies have evaluated differences between aMCI subtypes in the components
elicited in the Go condition (Go-N2 and –P3), and as
far as we know no studies have assessed differences
between aMCI subtypes for those ERP components
observed in the NoGo condition (NoGo-N2 and –P3).
Several studies suggest that adults with mdaMCI
are at a greater risk of progressing to AD than those
with sdaMCI [67–70]. Hence, it is important to search
for markers, not only of aMCI, but also of each
subtype, in order to detect the conditions as early
as possible. The present study aims to address this
gap, by evaluating the possible differences in the Goand NoGo-N2 and –P3 parameters (amplitudes and
latencies) between healthy old participants, participants with sdaMCI, and participants with mdaMCI, in
order to identify possible biomarkers for diagnosing
sdaMCI and mdaMCI.
We expected to find poorer execution in the aMCI
groups than in the control group, as well as lower Goand NoGo-N2 amplitudes, in line with our previous
findings [55]. We also expected to observe worse execution and lower N2 amplitudes in the mdaMCI than
in the sdaMCI group, due to greater impairment in the
former. In line with another previous study in which
we evaluated performance of both subtypes of aMCI
[71], we also expected to find strong differences in
performance between groups, with the mdaMCI participants showing poorer execution than the control
adults and the sdaMCI group obtaining intermediate scores. Although we did not expect to find other
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differences between aMCI and controls, longer N2 or
P3 latencies and lower P3 amplitudes in the mdaMCI
than in to the other two groups may be observed, as
this may have been masked in our previous study.
In addition, we expected that N2 and behavioral
parameters may constitute, alone or in combination, good markers for diagnosing each aMCI
subtype.
MATERIALS AND METHODS
Participants
Fifty-four volunteers were recruited from Primary
Care Health Centres in Santiago de Compostela,
Galicia (Spain). Participants were classified into
three groups: 1) Control, comprising 20 adults, aged
between 52 and 84 years, with normal cognitive
functioning; 2) sdaMCI, comprising 22 adults aged
between 51 and 86 years; and 3) mdaMCI, comprising 12 adults aged between 61 and 85 years old.
The groups were matched according to age and level
of education. The demographic and neuropsychological measures of the participants are summarized
in Table 1, together with the differences between
groups, calculated by the corresponding analysis.
The participants had no history of clinical stroke,
traumatic brain injury, motor-sensory deficits, or
alcohol or drug abuse/dependence, and were not diagnosed with any significant medical or psychiatric
illnesses. To control for the effects of depression,
adults with a score of more than 10 in depression
screening (Geriatric Depression Scale) [72] were not
included in the study. All participants had normal
audition and normal or corrected-to-normal vision.
All of them were right-handed, as assessed by the
Edinburgh inventory [73]. All participants gave their
written informed consent prior to participation in the
study. The research project was approved by the Galician Clinical Research Ethics Committee (Xunta de
Galicia, Spain). The study was performed in accordance with the ethical standards established in the
1964 Declaration of Helsinki [74].
Participants belonged to a larger sample referred
to our research group by their general practitioners
(GPs). In our laboratory, each participant underwent the following neuropsychological tests: 1) the
Spanish version of the Mini-Mental State Examination (MMSE) [75]; 2) the Spanish version of
the Californian Verbal Learning Test (CVLT) [76],
which assesses short-delay free recall, short-delay
recall with semantic cues, and long-delay free recall;
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Table 1
Mean values and standard deviations (SDs; in parentheses) of the demographic and neuropsychological measures

Age
Years of education
Gender (Female/Male)
MMSE
CVLT (short-delay free recall)
CVLT (short-delay cued recall)
CVLT (long-delay free recall)
CVLT (long-delay cued recall)
CAMCOGR (Orientation)
CAMCOGR (Language)
CAMCOGR (Attention and Calculation)
CAMCOGR (Praxis)
CAMCOGR (Perception)
CAMCOGR (Executive function)

Control
N = 20

sdaMCI
N = 22

mdaMCI
N = 12

p≤*

67.0 (9.8)
9.8 (5.2)
13/6
28.0 (1.5)
9.5 (3.4)
10.6 (3.4)
10.4 (3.6)
10.9 (3.5)
9.5 (0.8)
25.0 (2.4)
7.2 (1.5)
11.0 (1.3)
6.1 (1.6)
16.2 (5.9)

68.7 (10.1)
9.0 (4.2)
10/11
26.9 (2.0)
3.9 (1.9)
5.4 (2.4)
4.8 (3.0)
5.9 (2.8)
9.4 (0.8)
25.3 (2.6)
7.2 (1.8)
10.5 (2.3)
6.2 (1.3)
15.6 (6.4)

72.1 (6.9)
9.2 (5.0)
8/4
23.4 (1.7)
3.1 (1.8)
5.6 (2.0)
2.8 (2.8)
5.5 (2.4)
8.5 (1.3)
22.6 (2.8)
4.8 (2.4)
8.7 (2.8)
6.2 (1.7)
12.7 (4.6)

0.344
0.862
0.001
0.001
0.001
0.001
0.001
0.007
0.015
0.001
0.014
0.964
0.111

Bonferroni’s†

Control > sdaMCI, mdaMCI
Control > sdaMCI, mdaMCI
Control > sdaMCI, mdaMCI
Control > sdaMCI, mdaMCI
Control > sdaMCI, mdaMCI
Control, sdaMCI > mdaMCI
Control, sdaMCI > mdaMC
Control, sdaMCI > mdaMCI
Control > mdaMCI

*ANOVA (Group); † p < 0.05. MMSE, Mini-Mental State Examination; CVLT, California Verbal Learning Test; CAMCOGR, Cambridge
Cognitive Examination.

3) the Spanish version of the Cambridge Cognitive
Examination (CAMCOG-R), which assesses deterioration in specific domains, such as language,
attention-calculation, praxis, perception, and executive functioning [77], and 4) the Spanish version of
Lawton-Brody Instrumental Activities of Daily Living (IADL) scale [78].
Subjects classified as having sdaMCI or mdaMCI
should meet the general criteria for MCI outlined
by Albert et al. [6] and the criteria for aMCI proposed
by Petersen and colleagues [79]. All aMCI participants fulfilled the following criteria: 1) memory
complaints corroborated by an informant; 2) performance of less than 1.5 SDs below age norms for the
CVLT; 3) no significant impact on activities of daily
living; and 4) no dementia. Regarding general cognitive functioning, the mdaMCI subjects scored less
than 1.5 SDs below age- and education-related norms
in the MMSE and at least two cognitive subscales of
the Spanish version of the CAMCOG-R. Once the
participants were classified according to their diagnosis, those who met the criteria for sdaMCI, mdaMCI,
and healthy controls underwent the ERP session. For
a more extensive description of the global samples,
see [80].

Procedure
The auditory-visual distraction-attention task was
adapted from Escera et al. [81]. Participants were
presented with 500 pairs of auditory-visual (A-V)
stimuli, divided into 2 blocks with a short rest
between each block. Each pair of stimuli consisted
of a visual stimulus (200 ms duration) preceded by
an auditory stimulus (150 ms duration), separated by
an interval of 300 ms (SOA), and with an interval
of 2 s between each pair. Participants were asked to
attend to the visual stimuli and to ignore the auditory
stimuli. The task procedure is summarized in Fig. 1,
and further explained in [71].
EEG recording
The methods concerning the EEG acquisition are
described in previously published articles [55, 71].
The EEG was recorded via 49 electrodes placed
in an elastic cap (Easycap, GmbH), according to the
International 10-10 System. All electrodes were referenced to an electrode attached to the tip of the
nose, and an electrode positioned at Fpz served as
ground. The horizontal electrooculogram (EOG) was

Fig. 1. Scheme of the auditory-visual attention-distraction task. A: auditory stimuli; V: visual stimuli.
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recorded via two electrodes placed at the outer canthi
of both eyes, whereas the vertical EOG was recorded
via two electrodes placed supra and infraorbitally to
the right eye. The EEG was continuously digitized
at a rate of 500 Hz (bandpass 0.01–100 Hz), and the
electrode impedance was maintained below 10 k.
Once the signal was stored, ocular artefacts were
corrected using the Gratton, Coles & Donchin method
[82]. With the aim of evaluating the Go- and
NoGo-N2 and -P3 ERP components, the EEG was
segmented by extraction of auditory stimulus-locked
epochs of 1450 ms (150 ms pre-auditory stimulus).
The epochs associated with the standard auditorytarget visual pairs (Standard condition), deviant
auditory – target visual pairs (Deviant condition), and
novel auditory-target visual pairs (Novel condition)
were evaluated. The signal was passed through a digital 0.1 to 30 Hz (24 dB/octave slope) bandpass filter,
and all epochs were corrected to the mean voltage of
the first 150 ms of the prestimulus recording period.
Segments exceeding ± 100 V were automatically
rejected, and the epochs corresponding to the Standard, Deviant, and Novel conditions were averaged
separately for the Go and NoGo trials. Thus, 6 different types of averages were obtained: Standard-Go,
Deviant-Go, Novel-Go, Standard-NoGo, DeviantNoGo, Novel-NoGo. A minimum of 38 artefact-free
epochs were averaged for each condition.
Data analysis
Reaction times (RTs, between the onset of the
visual stimulus and pressing the key) and the
number of correct responses were evaluated in
the Go condition (Go Hits). The Go-N2 (in the
250–430 ms interval after the visual stimulus, Go
condition), Go-P3 (in the 350–700 ms interval after
the visual stimulus, Go condition), NoGo-N2 (in the
200–360 ms interval after the visual stimulus, NoGo
condition), and NoGo-P3 (in the 400–550 ms interval
after the visual stimulus, NoGo condition) components were also evaluated. The peak amplitudes (in
microvolts) and latencies (in milliseconds) of all the
ERP components evaluated were assessed at Fz, Cz,
and Pz electrodes, in the Standard, Deviant, and
Novel conditions.
Another component was identified by visual
inspection in the Go ERP traces. This component
is a late positive slow wave (PSW) that overlaps
with the Go-P3 in the sdaMCI group, and which was
absent in most of the mdaMCI and control participants. Specifically, it was observed in 30% of the
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control participants, in 25% of the mdaMCI participants, and in 91% of the sdaMCI participants. As
no clear peak in this component was observed, mean
amplitudes were computed for the 700 to 1000 ms
interval (post-visual stimulus) in three windows of
100 ms (W1, W2, and W3).
Statistical analysis
One-factor analysis of variance (ANOVA), with a
between-subject factor Group (with three levels: Control, sdaMCI, and mdaMCI), was used to evaluate the
effects of the sdaMCI and mdaMCI on the RTs and
Go-Hits. Two-factor analysis of variance (ANOVA),
with a between-subject factor Group and a withinsubject factor Electrode Position (with three levels:
Fz, Cz, and Pz) was used with the aim of evaluating the effects of the sdaMCI and mdaMCI on the
Go-N2, NoGo-N2, Go-P3, NoGo-P3, and late PSW
parameters. In order to simplify the results, a separate
ANOVA was performed for each condition (Standard,
Deviant, and Novel).
Whenever the ANOVAs revealed significant
effects due to the Group factor or its interactions, post hoc comparisons of the mean values
(adjusted to Bonferroni correction) were conducted.
Differences were considered significant at p ≤ 0.05.
Greenhouse–Geisser correction of the degrees of
freedom was applied in all cases in which the condition of sphericity was not met. In these cases, the
original degrees of freedom are presented together
with the corrected p and ε values.
Finally, receiver operating characteristics (ROC)
curves were constructed for those ERP and behavioral parameters in which the Group factor exerted
a main effect. When the significant effect involved
only two of the three groups (with intermediate but
non-significant values for the remaining group), the
intermediate group was combined with the most similar group for further ROC analysis for exploratory
purposes. Cohen’s d values were computed for each
post hoc comparison involving group effects in the
ANOVAs, with the aim of determining the difference
in size of the effects between each pair of groups.
All statistical analyses were performed with IBM
SPSS Statistics package v.19 for Windows, except
for Cohen’s d values, which were calculated with
G*Power V.3.1.9.2 for Windows [83].
Only the results of the ROC curves that showed
sensitivity and specificity values higher than 0.65 are
reported here. Whenever the sensitivity and specificity values were higher than 0.70 for more than
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in the Control group. The sdaMCI participants
yielded intermediate values, which were not significantly different from those yielded by either
of the other groups (see Table 2). The Cohen’s d
values for the post-hoc comparisons were as follows: (1) Control versus mdaMCI, d = 1.08; (2)
mdaMCI versus sdaMCI, d = 0.42; and (3) Control versus sdaMCI, d = 0.67. For this parameter,
two ROC curves reached the 0.65 minimum threshold for the sensitivity and specificity scores: (1)
for discriminating mdaMCI participants from control participants, the sensitivity was 0.90 and the
specificity 0.70; and (2) for discriminating mdaMCI
and sdaMCI participants from control participants,
the sensitivity score was 0.69 and the specificity
score, 0.70.
In the Deviant condition, the ANOVA revealed a
significant effect of the Group factor (F (2, 49) = 4.6;
p = 0.01) on the RT, which was significantly longer
in the mdaMCI than in the Control group. Again,
the sdaMCI group showed intermediate values that
were not significantly different from those obtained
for the other two groups (see Table 2). The Cohen’s
d values for the post-hoc comparisons were as follows: (1) Control versus mdaMCI, d = 1.15; (2)
mdaMCI versus sdaMCI, d = 0.27; and (3) Control
versus. sdaMCI, d = 0.76. For this parameter, two
ROC curves were also obtained: (1) for discriminating mdaMCI participants from control participants,
the sensitivity score was 0.70 and the specificity score
0.75; and (2) for discriminating mdaMCI and sdaMCI
participants from control participants, the sensitivity
score was 0.69 and the specificity score, 0.75.
Finally, in the Novel condition, the ANOVA also
revealed a significant effect of the Group factor on the
RT (F (2, 49) = 4.6; p = 0.01), which was significantly
longer in the mdaMCI and sdaMCI groups than in
the Control group (see Table 2). Cohen’s d values
for the post-hoc comparisons were as follows: (1)
Control versus mdaMCI, d = 1.15; (2) Control versus
sdaMCI, d = 0.78; and (3) sdaMCI versus mdaMCI,
d = 0.23. For the RT in the Novel condition, only one
ROC curve was obtained: for discriminating mdaMCI

one parameter for the same diagnostic purpose, those
parameters were combined. The procedure used was
as follows: first, the two parameters with highest sensitivity and specificity values were combined; second
(only if the first combination yielded larger sensitivity and specificity scores than each parameter
alone), when the sensitivity and specificity scores
did not reach 1.00, the next best parameter (in terms
of sensitivity and specificity) was also included in
the combination. This procedure was continued until
one of two events occurred: (1) the combined sensitivity and specificity reached a score of 1.00, or
(2) the sensitivity and specificity values did not
improve since the last combination. In order to combine parameters, a binary logistic regression model
was constructed, with these parameters considered
the explanatory variables (covariates) and the group
of interest as dependent variable. The predicted probabilities were saved as a new variable and ROC curves
were computed. An area under the curve (AUC) of 1.0
corresponds to a perfect prediction, whereas a value
of 0.5 indicates a useless model.
RESULTS
The values of RTs and correct responses (Go Hits)
for each group (mdaMCI, sdaMCI, Control) in each
condition (Standard, Deviant, Novel) are summarized
in Table 2. The values of the evaluated parameters
of each ERP component (Go-N2 and –P3, NoGoN2 and –P3, and PSW in W1, W2, and W3) for
all three groups in each condition are summarized
in Table 3. The parameters of the ROC curve analysis that reached a value of 0.70 are summarized in
Table 4.
Performance
RTs
The one-factor ANOVA (Group) of the RT revealed
a significant effect of the factor in the Standard
condition (F (2, 49) = 4.5; p = 0.02), which was
significantly longer in the mdaMCI group than

Table 2
Mean values and standard deviations (in parentheses) of the reaction times and number of correct responses for the three groups (Control,
sdaMCI, mdaMCI) in the three conditions (S, D, N)

Control
sdaMCI
mdaMCI

S

RT
D

N

S

599 (68.1)
648 (79.3)
683 (86.6)

597 (66.7)
662 (102.0)
687 (90.0)

632 (74.5)
707 (114.3)
732 (104.5)

219.7 (7.4)
212.5 (23.6)
199.4 (21.6)

Hits
D
48.7 (1.3)
46.7 (5.5)
43.4 (4.5)

RT, reaction times (expressed in milliseconds); Hits, number of correct responses; S, Standard; D, Deviant; N, Novel.

N
48.2 (1.8)
46.2 (6.7)
41.2 (6.3)
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Table 3
Mean values and standard deviations (SDs; in parentheses) of the evaluated amplitudes and latencies for the three groups (Control, sdaMCI,
mdaMCI) in the three conditions (S, D, N), at the Fz, Cz, and Pz locations
Control
Fz
Amp Go-N2
S
–5.5 (5.7)
D
–6.6 (6.5)
N
–5.4 (7.5)
Amp Go-P3
S
5.9 (7.1)
D
7.0 (8.5)
N
8.0 (8.3)
Amp NoGo-N2
S
–4.6 (4.8)
D
–4.7 (6.5)
N
–5.7 (4.4)
Amp NoGo-P3
S
9.1 (6.3)
D
11.6 (7.2)
N
9.0 (4.0)
Amp PSW W1 (700–800 ms)
S
0.4 (5.6)
D
0.4 (6.0)
N
1.2 (7.5)
Amp PSW W2 (800–900 ms)
S
0.0 (4.6)
D
–0.1 (5.2)
N
0.8 (7.4)
Amp PSW W3 (900–1000 ms)
S
–0.6 (4.5)
D
–0.3 (4.5)
N
–0.3 (6.4)
Lat Go-N2
S
290 (45)
D
299 (51)
N
322 (85)
Lat Go-P3
S
498 (80)
D
488 (58)
N
497 (64)
Lat NoGo-N2
S
261 (45)
D
264 (49)
N
284 (49)
Lat NoGo-P3
S
482 (62)
D
488 (42)
N
485 (65)

Cz

sdaMCI
Pz

Fz

Cz

mdaMCI
Pz

Fz

Cz

Pz

–10.4 (8.4) –8.2 (6.9) –3.1 (3.5) –5.5 (4.9) –4.7 (4.7) –3.2 (3.6) –6.4 (4.2) –5.1 (4.5)
–12.3 (8.7) –9.8 (7.5) –3.2 (4.3) –5.3 (6.1) –5.2 (5.7) –4.3 (3.4) –8.3 (3.7) –6.7 (5.2)
–10.4 (10.6) –8.4 (8.9) –3.0 (4.1) –4.7 (5.2) –4.4 (5.1) –4.3 (5.0) –7.3 (5.0) –5.8 (4.8)
2.7 (8.6)
3.8 (10.0)
5.4 (10.5)

5.1 (8.0) 6.2 (4.4) 5.5 (5.8) 7.5 (4.9)
6.7 (9.7) 8.5 (4.9) 7.6 (6.5) 8.6 (6.6)
8.0 (9.8) 7.3 (4.8) 6.9 (6.7) 8.0 (6.5)

6.8 (6.9)
9.3 (6.6)
9.5 (8.9)

4.1 (7.1)
6.6 (6.8)
7.3 (8.5)

6.0 (7.2)
8.5 (7.4)
7.7 (8.2)

–7.0 (7.0)
–7.5 (8.7)
–8.1 (8.4)

–5.4 (6.6) –3.3 (2.4) –3.8 (3.4) –3.7 (4.3) –3.2 (2.2) –4.1 (2.8) –1.8 (3.8)
–5.5 (8.3) –4.6 (3.8) –4.8 (3.7) –4.2 (3.6) –5.8 (4.2) –6.7 (4.8) –4.9 (4.7)
–6.1 (8.0) –1.8 (3.8) –2.1 (4.3) –2.7 (3.4) –0.4 (2.1) 0.3 (4.8) 1.3 (5.8)

10.4 (6.3)
12.7 (8.1)
11.5 (4.9)

7.9 (5.8) 8.8 (5.1) 10.7 (5.4) 8.7 (4.6) 12.3 (8.1) 12.0 (8.6) 10.6 (8.3)
10.6 (8.5) 11.2 (6.2) 13.5 (6.9) 11.3 (6.1) 12.5 (8.1) 13.4 (8.5) 12.6 (9.1)
9.2 (4.2) 10.4 (6.0) 12.3 (6.3) 10.0 (5.4) 14.3 (10.2) 15.7 (11.6) 14.2 (11.0)

–1.3 (6.6)
–1.6 (7.4)
–0.9 (9.4)

0.2 (6.9) 2.5 (3.1) 3.3 (4.1) 4.3 (4.0) –0.5 (6.3) –1.6 (6.7) 0.2 (7.1)
0.0 (7.4) 3.3 (3.1) 4.4 (4.2) 4.7 (4.1) –0.8 (7.2) –2.8 (8.4) –0.8 (9.0)
0.7 (9.0) 2.5 (4.1) 3.5 (5.8) 5.0 (5.6) 0.5 (6.2) –0.6 (6.6) 1.3 (6.3)

–1.5 (5.3)
–1.8 (5.7)
–1.0 (8.5)

–1.0 (5.7) 2.2 (2.9) 2.9 (3.6) 2.9 (4.1) –0.9 (6.2) –1.6 (6.0) 0.0 (6.0)
–1.1 (5.7) 2.8 (2.7) 3.7 (3.7) 3.3 (4.3) –1.6 (7.7) –3.4 (7.8) –1.6 (8.1)
–0.6 (8.4) 2.2 (4.0) 3.4 (5.6) 3.8 (6.0) –0.1 (5.7) –0.8 (5.1) 0.7 (4.9)

–1.4 (5.2)
–2.0 (5.4)
–1.4 (7.6)

–1.8 (5.7) 1.4 (3.2) 2.0 (3.8) 1.9 (4.3) –1.2 (5.6) –1.3 (5.3) –0.5 (4.7)
–2.0 (5.5) 2.1 (2.9) 2.9 (3.8) 2.5 (4.2) –1.5 (6.5) –2.8 (6.8) –1.6 (7.0)
–1.7 (7.6) 1.8 (4.8) 2.7 (5.4) 2.5 (5.6) 0.8 (5.0) 0.8 (5.1) 2.1 (4.8)

307 (50)
307 (57)
338 (84)

304 (47) 316 (50) 318 (58) 320 (62)
307 (59) 310 (51) 318 (52) 317 (53)
338 (92) 319 (41) 337 (42) 334 (47)

334 (25)
317 (44)
338 (44)

347 (23)
331 (39)
357 (34)

355 (32)
340 (38)
356 (34)

530 (101)
541 (88)
493 (198)

557 (86) 423 (261) 564 (111) 597 (108) 510 (43)
554 (62) 534 (89) 546 (95) 580 (90) 527 (34)
555 (92) 527 (105) 443 (231) 562 (122) 531 (67)

508 (58)
544 (32)
542 (72)

526 (60)
551 (34)
547 (74)

264 (52)
261 (53)
275 (55)

275 (53) 284 (57) 274 (57) 286 (66)
268 (63) 297 (50) 296 (56) 305 (53)
285 (57) 300 (66) 297 (50) 301 (67)

267 (52)
269 (52)
298 (50)

275 (53)
280 (56)
312 (57)

285 (60)
281 (62)
299 (56)

484 (79)
501 (73)
486 (63)

498 (93) 519 (80) 513 (81) 533 (78)
512 (82) 484 (64) 502 (73) 517 (78)
479 (77) 497 (66) 504 (64) 527 (79)

491 (57)
474 (52)
484 (39)

471 (40)
468 (43)
482 (44)

489 (64)
472 (49)
480 (47)

S, Standard; D, Deviant; N, Novel; Amp, amplitude; Lat, latency; W1, first window; W2, second window; W3, third window. Amplitudes:
expressed in microvolts, upper panel. Latencies: expressed in milliseconds, from the presentation of the visual stimulus, lower panel.

participants from control participants, the sensitivity
and specificity scores were 0.70.
Go Hits
Regarding the number of Go Hits in the Standard
condition, the one-factor ANOVA (Group) revealed
a significant effect of this factor (F (2, 49) = 4.0;
p = 0.002), which was significantly larger in the Control and sdaMCI groups than in the mdaMCI group

(see Table 2). Cohen’s d values for the post-hoc
comparisons were as follows: (1) Control versus
mdaMCI, d = 1.26; (2) sdaMCI versus mdaMCI,
d = 0.58; and (3) sdaMCI versus Control, d = 0.41.
For this parameter, three ROC curves reached the
minimum threshold value of 0.65 in the sensitivity
and specificity scores: (1) for discriminating mdaMCI
participants from the Control and sdaMCI groups,
the sensitivity was 0.80 and the specificity, 0.86; (2)
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Table 4
Sensitivity and specificity values for the parameters that reached the 0.70 score for sensitivity and specificity for each type of ROC analysis
mdaMCI versus Control

mdaMCI versus Control & sdaMCI

sdaMCI versus Control

sdaMCI versus Control & mdaMCI

mdaMCI versus sdaMCI

mdaMCI versus Control
sdaMCI versus Control & mdaMCI

Amp NoGo-N2, Novel, Fz
Amp NoGo-N2, Novel, Cz
RT, Standard
RT, Deviant
RT, Novel
Go Hits, Standard
Go Hits, Deviant
Go Hits, Novel
Amp NoGo-N2, Novel, Cz
Go Hits, Standard
Go Hits, Deviant
Go Hits, Standard
Amp NoGo-N2, Novel, Cz
Amp PSW, W2, Standard, Pz
Amp PSW, W2, Deviant, Fz
Amp PSW, W2, Deviant, Cz
Amp PSW, W2, Deviant, Pz
Amp PSW, W3, Deviant, Cz
Amp PSW, W2, Deviant, Fz
Amp PSW, W2, Deviant, Cz
Amp PSW, W3, Deviant, Cz
Amp NoGo-N2, Novel, Cz
Amp PSW, W2, Deviant, Fz
Amp PSW, W2, Deviant, Cz
Go Hits, Standard
Go Hits, Deviant
Go Hits, Novel
Hits Go, Deviant & Hits Go Novel
Amp PSW, W2, Deviant, Fz &
Amp PSW, W2, Deviant Cz

AUC

Cut-off

Se

Sp

0.848
0.812
0.805
0.805
0.790
0.868
0.940
0.875
0.723
0.806
0.871
0.837
0.753
0.730
0.759
0.809
0.750
0.793
0.776
0.808
0.778
0.643
0.803
0.807
0.750
0.809
0.802
0.928
0.831

–2.5
–1.2
617.0
634.7
670.8
209.5
46.5
46.5
–0.9
209.5
46.5
46.5
–4.34
1.1
1.3
1.0
0.7
0.6
1.4
1.0
0.6
–0.9
1.4
–0.7
209.5
46.5
46.5
0.5
0.5

0.86
0.71
0.90
0.70
0.70
0.80
0.90
0.90
0.71
0.80
0.90
0.90
0.72
0.73
0.77
0.77
0.77
0.73
0.77
0.77
0.73
0.72
0.77
0.82
0.80
0.90
0.90
0.90
0.77

0.81
0.88
0.70
0.75
0.75
0.90
0.95
0.85
0.80
0.86
0.89
0.81
0.75
0.70
0.75
0.80
0.70
0.75
0.78
0.79
0.72
0.71
0.83
0.75
0.82
0.82
0.78
1.00
0.82

Upper panel: sensitivity and specificity values of the individual parameters for each type of diagnosis. Lower panel: sensitivity and specificity
values of the combinations of parameters that surpassed the sensitivity and specificity values of the parameters on their own. The best
parameter or combination for each type of diagnosis is highlighted in bold type. AUC, area under the curve; Se, sensitivity; Sp, specificity;
Amp, amplitude; RT, reaction time.

for discriminating of mdaMCI from sdaMCI participants, the values were 0.80 and 0.82, respectively;
and (3) for discriminating mdaMCI from control
participants, sensitivity was 0.80 and specificity
was 0.90.
The one factor ANOVA on the Go Hits in the
Deviant condition revealed a significant effect of this
factor (F (2, 49) = 5.4; p = 0.008), which was significantly larger in the Control than in the mdaMCI
group (see Table 2). The sdaMCI group showed intermediate values that were not significantly different
from the values obtained for the other groups. The
Cohen’s d values for the post-hoc comparisons were
as follows: (1) Control versus mdaMCI, d = 1.58; (2)
sdaMCI versus mdaMCI, d = 0.65; and (3) sdaMCI
versus Control, d = 0.49. For this parameter, three
ROC curves also reached the minimum scores: (1)
for discriminating mdaMCI participants from the
Control and sdaMCI groups, the sensitivity was
0.90 and the specificity, 0.89; (2) for discriminating

mdaMCI from sdaMCI participants, the values were
0.90 and 0.82, respectively; and (3) for discriminating mdaMCI from control participants, the sensitivity
was 0.90 and specificity 0.95.
Finally, in the Novel condition, the ANOVA on the
Go Hits revealed a significant effect of this factor (F
(2, 49) = 5.8; p = 0.005), as the Control and sdaMCI
groups obtained significantly more correct responses
in the Go condition than the mdaMCI group (see
Table 2). The Cohen’s d values for the post-hoc
comparisons were as follows: (1) Control versus
mdaMCI, d = 1.51; (2) sdaMCI versus mdaMCI,
d = 0.76; and (3) sdaMCI versus Control, d = 0.39.
For this parameter, three ROC curves also reached
the minimum scores: (1) for discriminating mdaMCI
participants from the Control and sdaMCI groups,
the sensitivity was 0.90 and the specificity, 0.81; (2)
for discriminating mdaMCI from sdaMCI participants, the values were 0.90 and 0.78, respectively;
and (3) for discriminating mdaMCI from control
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participants, the sensitivity was 0.90 and specificity
was 0.85.
ERPs
Go-N2
The two-factor ANOVA (Group × Electrode Position) on the Go-N2 amplitude in the Standard
condition revealed a significant effect of the Electrode Position factor (F (2, 98) = 27.7; p ≤ 0.0001),
as the value of this parameter was significantly larger
at Cz than at Pz and Fz, and at Pz than at Fz (see
Fig. 2 and Table 3). In addition, the Go-N2 amplitude showed a marginally significant effect of the
Group factor (F (2, 49) = 2.7; p = 0.07), as the amplitude was larger in the Control group than in the
sdaMCI group. Given that there were no significant
effects or interactions of the Group factor, no Cohen’s
d values or ROC curves were obtained for this
parameter.
The two-factor ANOVA on the Go-N2 amplitude in
the Deviant condition revealed significant effects of
the Electrode Position (F (2, 90) = 21.1; p ≤ 0.0001;
ε = 0.823) and Group (F (1, 45) = 11.6; p = 0.001) factors. The Go-N2 amplitude was significantly larger at
Cz than at Pz and Fz, and it was also significantly
larger at Pz than at Fz (see Fig. 2 and Table 3).
The amplitude was also significantly larger in the
Control than in the sdaMCI group. The Cohen’s d
values for the post-hoc comparisons of the Group
effect were as follows: (1) Control versus sdaMCI,
d = 0.76; (2) Control versus mdaMCI, d = 0.51; and
(3) sdaMCI versus mdaMCI, d = 0.39. Only one ROC
curve reached the threshold score of 0.65 score in sensitivity and specificity: for discriminating between
sdaMCI and control participants, both sensitivity and
specificity values were 0.67.
In the Novel condition, the two-factor ANOVA on
the Go-N2 amplitude revealed a significant effect
of the Electrode Position factor (F (2, 92) = 17.2;
p ≤ 0.0001; ε = 0.874), as the amplitude was significantly larger at Cz than at Pz and Fz, and it was
significantly larger at Pz than at Fz (see Fig. 2 and
Table 3). No significant effects or interactions were
observed for the Group factor.
Regarding the Go-N2 latency, the two-factor
ANOVA (Group × Electrode Position) in the Standard condition revealed significant effects of the
Electrode Position (F (2, 98) = 5.5; p = 0.005) and
Group (F (1, 49) = 7.5; p = 0.009) factors. The GoN2 latency was significantly longer at Fz than at Cz
and Pz. In addition, it was significantly longer in the
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mdaMCI participants than in the controls (see Fig. 2
and Table 3). The Cohen’s d values for the post-hoc
comparisons of the Group effect were as follows: (1)
Control versus mdaMCI, d = 1.14; (2) sdaMCI versus
mdaMCI, d = 0.61; and (3) Control versus sdaMCI,
d = 0.33. None of the ROC curves reached the 0.65
cut-off in sensitivity and specificity.
The two-factor ANOVAs in the Deviant (F (2,
90) = 7.0; p = 0.001; ε = 0.880) and Novel (F (2,
92) = 7.5; p = 0.001; ε = 0.714) conditions revealed a
significant effect of the Electrode Position factor, as
the Go-N2 latency was significantly longer at Fz than
at Cz and Pz (see Fig. 2 and Table 3).
NoGo-N2
The two-factor ANOVA (Group × Electrode Position) on the NoGo-N2 amplitude showed significant
effects of the Electrode Position factor in the Standard (F (2, 90) = 5.0; p = 0.009; ε = 0.808) and in the
Deviant (F (2, 80) = 6.2; p = 0.003; ε = 0.857) conditions, as the amplitude was significantly larger at Cz
than at Fz and Pz (see Fig. 2 and Table 3). No significant effect or interaction was observed for the Group
factor.
In the Novel condition, the two-factor ANOVA on
the NoGo-N2 amplitude revealed a significant effect
of the Group factor (F (1, 38) = 10.5; p = 0.002), as
the amplitude was significantly larger in the Control than in the sdaMCI and mdaMCI groups (see
Fig. 2 and Table 3). It was also larger in the sdaMCI
than in the mdaMCI group (see Cohen’s d values
below and Table 3), although the difference was not
significant. The Cohen’s d values for the post-hoc
comparisons of the Group effect were as follows: (1)
Control versus mdaMCI, d = 1.22; (2) Control versus
sdaMCI, d = 0.79; and (3) mdaMCI versus sdaMCI,
d = 0.64. For this parameter, ten ROC curves reached
the 0.65 cut-off scores in sensitivity and specificity for
5 types of discriminations: (1) for discriminating the
sdaMCI and mdaMCI from the Control group, the
sensitivity score was 0.69 and the specificity score
was 0.72 at the Fz electrode position, and 0.72 and
0.75, respectively, at the Cz electrode position; (2) for
discriminating the sdaMCI from the Control group,
the scores of sensitivity and specificity were 0.67 and
0.69 at Fz, 0.72 and 0.75 and Cz, and 0.67 and 0.69 at
Pz; (3) for discriminating the mdaMCI group from the
Control group, the scores were 0.86 and 0.81 at Fz,
and 0.71 and 0.88 at Cz; (4) for discriminating the
sdaMCI from the mdaMCI group, the scores were
0.72 and 0.71 at Cz; and (5) for discriminating the
mdaMCI group from the Control and sdaMCI groups,
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Fig. 2. Grand-average event-related potential waveforms, for the Control (blue line), sdaMCI (red line), and mdaMCI (green line) groups,
in the Standard-Go, Deviant-Go and Novel-Go conditions (upper panel), and Standard-NoGo, Deviant-NoGo and Novel-NoGo conditions
(lower panel), at Fz, Cz, and Pz electrode sites.
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the sensitivity and specificity scores were 0.86 and
0.65 at Fz, and 0.71 and 0.80 at Cz.
Regarding the NoGo-N2 latency, the two-factor
ANOVA (Group × Electrode Position) did not reveal
any significant effects or interactions in any of the
three conditions.
Go-P3
The two-factor ANOVAs (Group × Electrode
Position) on the Go-P3 amplitude revealed a significant effect of the Electrode Position factor in the
Standard (F (2, 96) = 11.9; p ≤ 0.0001), Deviant (F
(2, 82) = 7.6; p = 0.001; ε = 0.781) and Novel (F (2,
86) = 4.3; p = 0.016; ε = 0.860) conditions, in all three
groups. This parameter was significantly larger at Fz
and Pz that at the Cz electrode location (see Fig. 2).
The two-factor ANOVAs on the Go-P3 latency
in the Standard (F (2, 96) = 4.9; p = 0.01; ε = 0.591)
and Deviant (F (2, 82) = 13.6; p ≤ 0.0001) conditions
showed significant effects of the Electrode Position
factor, as the latency was significantly longer at Pz
than at Fz in the Standard condition, and significantly
longer at Pz and Cz than at Fz in the Deviant condition. There were no other significant results regarding
the Go-P3 latency.
NoGo-P3
The two-factor ANOVAs (Group × Electrode
Position) on the NoGo-P3 amplitude revealed significant effects of the Electrode Position factor in
the Standard F (2, 90) = 9.0; p ≤ 0.0001; ε = 0.779,
Deviant (F (2, 82) = 7.3; p = 0.001) and Novel (F
(2, 72) = 10.4; p ≤ 0.0001) condition. The NoGo-P3
amplitude was significantly larger at Cz than at Fz
and Pz in all three conditions (see Fig. 2).
The two-factor ANOVAs on the NoGo-P3 latency
for the Standard, Deviant, and Novel conditions did
not reveal any significant effects or interactions.
Late PSW
W1 (700–800 ms post-visual stimulus): In the
first window (W1; 700–800 ms post-visual stimulus), the ANOVA for the Standard condition revealed
a significant effect of the Electrode Position (F (2,
102) = 5.9; p = 0.004; ε = 0.803) and Group (F (1,
51) = 3.3; p = 0.044) factors, and of the Electrode
Position × Group (F (4, 102) = 2.4; p = 0.05) interaction. The mean PSW amplitude was significantly
larger at Fz and Pz than at Cz in the Control group,
significantly larger at Pz than at Fz in the sdaMCI
group, and significantly larger at Pz than at Cz in
the mdaMCI group. In addition, this parameter was
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significantly larger in the sdaMCI group than in the
Control and mdaMCI groups at the Cz electrode
(see Fig. 2). The Cohen’s d values for the posthoc comparisons of the Group effect at Cz were as
follows: (1) mdaMCI versus sdaMCI, d = 0.88; (2)
Control versus sdaMCI, d = 0.84; and (3) Control
versus mdaMCI, d = 0.04. For this parameter, three
ROC curves reached the sensitivity and specificity
scores of 0.65: (1) for discriminating between the
sdaMCI and mdaMCI groups, the sensitivity score
was 0.91, and the specificity score was 0.67; (2) for
discriminating the sdaMCI from the Control group,
the scores were 0.68 and 0.65; and (3) for discriminating the mdaMCI group from the Control and sdaMCI
groups, the scores were 0.68 and 0.72, respectively
(see Fig. 2).
In the Deviant condition, the two-factor ANOVA
on the PSW amplitude in W1 revealed significant
effects of the Electrode Position (F (2, 102) = 4.9;
p = 0.009; ε = 0.836) and Group (F (2, 51) = 4.6;
p = 0.015) factors, as well as of the Electrode Position × Group (F (4, 102) = 3.1; p = 0.018) interaction.
In the Control and mdaMCI groups, this parameter
was significantly larger at Fz and Pz than at Cz. In
addition, it was significantly larger in the sdaMCI
group than in the Control and mdaMCI groups at Cz
(a similar, but non-significant trend was observed at
Pz; see Fig. 2). The Cohen’s d values for the posthoc comparisons of the Group effect at Cz were as
follows: (1) mdaMCI versus sdaMCI, d = 1.07; (2)
Control versus sdaMCI, d = 1.00; and (3) Control
versus mdaMCI, d = 0.15. For this parameter, three
ROC curves also reached the sensitivity and specificity scores of 0.65: (1) for discriminating between
the sdaMCI and mdaMCI groups, the sensitivity score
was 0.95, and the specificity score was 0.69; (2) for
discriminating the sdaMCI from the Control group,
the scores were 0.91 and 0.65; and (3) for discriminating the mdaMCI group from the Control and sdaMCI
groups, the scores were 0.91 and 0.66, respectively.
Finally, in the Novel condition, the ANOVA on
the PSW mean amplitude in W1 revealed significant effects of the Electrode Position (F (2, 96) = 6.7;
p = 0.002; ε = 0.067) and Electrode Position × Group
(F (4, 96) = 3.4; p = 0.013) interaction. The amplitude
was significantly larger at Fz and Pz than at Cz in the
Control group, significantly larger at Pz than at Cz
and Fz in the sdaMCI group, and significantly larger
at Pz than at Cz in the mdaMCI group (see Fig. 2).
W2 (800–900 ms post-visual stimulus): In the second window (W2; 800–900 ms post-visual stimulus)
the two-factor ANOVA in the Standard condition
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revealed significant effects of the Group factor (F
(2, 51) = 3.8; p = 0.029) and of the Electrode Position × Group interaction (F (4, 102) = 2.7; p = 0.035).
The PSW mean amplitude in W2 in this condition
was significantly larger at Fz than at Cz in the Control group, and it was significantly larger at Pz than
at Cz in the mdaMCI group. This parameter was also
significantly larger in the sdaMCI group than in the
mdaMCI and Control groups at Cz, and significantly
larger in the sdaMCI than in the Control group at
Pz (see Fig. 2). The Cohen’s d values for the posthoc comparisons of the Group effect at Cz were as
follows: (1) mdaMCI versus sdaMCI, d = 0.91; (2)
Control versus sdaMCI, d = 0.96; and (3) Control versus mdaMCI, d = 0.02. The Cohen’s d values for the
post-hoc comparisons of the Group effect at Pz were
as follows: (1) mdaMCI versus sdaMCI, d = 0.79;
(2) Control versus sdaMCI, d = 0.57; and (3) Control
versus mdaMCI, d = 0.17.
For this parameter at the Cz location, three ROC
curves reached the 0.65 score threshold: (1) for discriminating the sdaMCI from the mdaMCI group, the
sensitivity and specificity scores were 0.86 and 0.67,
respectively; (2) for discriminating the sdaMCI from
the Control group, the scores were 0.73 and 0.65; and
(3) for discriminating the sdaMCI group from the
Control and mdaMCI groups, the scores were 0.68
and 0.73. For this parameter at the Pz location, one
ROC curve reached the 0.65 scores: for disciminating
the sdaMCI group from the Control group, the sensitivity score was 0.73, and the sensitivity score was
0.70.
For the W2, in the Deviant condition, the twofactor ANOVA on the PSW amplitude revealed
significant effects of the Group factor and of the Electrode Position × Group interaction. This parameter
was significantly larger at Fz than at Cz in the Control
group, and significantly larger at Fz and Pz than at Cz
in the mdaMCI group. In addition, it was significantly
larger in the sdaMCI than in the mdaMCI group at Fz,
and significantly larger in the sdaMCI group than in
the Control and mdaMCI groups at Cz and Pz (Fig. 2).
The Cohen’s d values for the post-hoc comparisons of
the Group effect at Fz were as follows: (1) mdaMCI
versus sdaMCI, d = 0.77; (2) Control versus sdaMCI,
d = 0.71; and (3) Control versus mdaMCI, d = 0.23.
Cohen’s d values for the post-hoc comparisons of the
Group effect at Cz were: (1) mdaMCI versus sdaMCI,
d = 1.17; (2) Control versus sdaMCI, d = 1.15; and (3)
Control versus mdaMCI, d = 0.23. The Cohen’s d values for the post-hoc comparisons of the Group effect
at Pz were as follows: (1) sdaMCI versus Control,

d = 0.86; (2) sdaMCI versus mdaMCI, d = 0.76; and
(3) Control versus mdaMCI, d = 0.08.
For the PSW amplitude in W2 in the Deviant condition, three ROC curves reached the 0.65 minimum
threshold of sensitivity and specificity scores at Fz:
(1) for discriminating the sdaMCI group from the
mdaMCI group, the sensitivity score was 0.77, and
the specificity score was 0.83; (2) for discriminating
the sdaMCI from the Control group, the scores were
0.77 and 0.75, respectively; and (3) for discriminating the sdaMCI group from the mdaMCI and Control
groups, the scores were 0.77 and 0.78, respectively.
At the Cz location, 3 ROC curves also reached the
minimum scores: (1) for discriminating the sdaMCI
from the Control group, the scores were 0.77 and
0.80; (2) for discriminating the sdaMCI from the
mdaMCI group, the scores were 0.82 and 0.75; and
(3) for discriminating the sdaMCI from the mdaMCI
and Control groups, the scores were 0.77 and 0.79.
Finally, one ROC curve reached the minimum scores
at the Pz location: for discriminating the sdaMCI from
the Control group, the scores were 0.77 and 0.70.
In the Novel condition, the two-factor ANOVA for
this parameter showed a significant effect of the Electrode Position × Group interaction (F (4, 96) = 4.0;
p = 0.004), as this parameter was significantly larger
at Fz than at Cz in the Control group.
W3 (900–1000 ms post-visual stimulus): The twofactor ANOVAs (Group × Electrode Position) on the
mean PSW amplitude in the third window (W3) did
not reveal any significant effects or interactions in
the Standard and Novel conditions. In the Deviant
condition, the ANOVA on this parameter revealed
significant effects of the Group factor (F (2, 51) = 4.9;
p = 0.011) and the Electrode Position × Group interaction (F (4, 102) = 3.5; p = 0.01). The PSW
amplitude was significantly larger at Fz than at Cz
and Pz in the Control group. In addition, it was significantly larger in the sdaMCI than in the Control
and mdaMCI groups at Cz, and significantly larger in
the sdaMCI than in the Control group at Pz (Fig. 2).
The Cohen’s d values for the post-hoc comparisons of
the Group effect at Cz were as follows: (1) mdaMCI
versus sdaMCI, d = 1.05; (2) Control versus sdaMCI,
d = 1.05; and (3) Control versus mdaMCI, d = 0.14.
The Cohen’s d values for the post-hoc comparisons
of the Group effect at Pz were as follows: (1) sdaMCI
versus Control, d = 0.92; (2) sdaMCI versus mdaMCI,
d = 0.70; and (3) Control versus mdaMCI, d = 0.07.
For this parameter at Cz, in the Deviant condition,
three ROC curves reached the 0.65 minimum scores:
(1) for discriminating the sdaMCI group from the
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Control group, the sensitivity and specificity scores
were 0.73 and 0.75, respectively; (2) for discriminating the sdaMCI from the mdaMCI group, the scores
were 0.68 and 0.75, respectively; and (3) for discriminating the sdaMCI group from the Control and
mdaMCI groups, the scores were 0.73 and 0.72. For
the PSW amplitude at Pz, in the Deviant condition,
two ROC curves reached the minimum scores: (1) for
discriminating the sdaMCI group from the Control
group, the scores were 0.68 and 0.70, respectively;
and (2) for discriminating the sdaMCI group from
the Control and mdaMCI groups, the scores were 0.68
and 0.66.
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minimum sensitivity and specificity scores (Table 4,
upper panel). However, the combinations of the
parameters did not reach the same levels of sensitivity and specificity as the parameters by themselves.
Hence, the best parameter for this differentiation was
the number of Go Hits in the Deviant condition (sensitivity = 0.90, specificity = 0.82).
Finally, only one parameter reached the minimum
score of 0.70 for discriminating between the Control group and the sdaMCI and mdaMCI groups, the
NoGo-N2 amplitude in the Novel condition at Cz
(sensitivity = 0.72, specificity = 0.75; Table 4, upper
panel). Hence, the combinations of parameters were
not tested.

ROC curves by type of diagnosis – combinations
of markers
DISCUSSION
From the parameters whose ROC curves were
listed in the previous section, only those that reached
the 0.70 value in sensitivity and specificity for one
type of diagnosis were taken into account for combinations of parameters, in order to improve the
diagnostic value of the parameters on their own (see
Table 4).
Eight parameters (see in Table 4, upper panel)
reached the 0.70 minimum scores of sensitivity
and specificity for discriminating between mdaMCI
and control participants. The combination of these
parameters that showed the highest sensitivity and
specificity scores was the combination of the Go
Hits in the Deviant and in the Novel conditions (sensitivity = 0.90, specificity = 1.00; see Table 4, lower
panel).
For discriminating between the mdaMCI group
and the Control and sdaMCI groups together, four
parameters reached the 0.70 minimum sensitivity
and specificity scores (see in Table 4, upper panel).
The combination of parameters did not exceed the
sensitivity and specificity scores of the isolated
parameters. Hence, the best parameter for this discrimination were the Go Hits in the Deviant condition
(sensitivity = 0.90, specificity = 0.89).
Six parameters were able to distinguish the
sdaMCI group from the Control group, reaching the
0.70 minimum scores (Table 4, upper panel). The
combination of the mean amplitude of the PSW in
window 2 in the Deviant condition at Fz with the
same parameter at Cz improved the sensitivity and
specificity scores of the individual parameters (sensitivity = 0.77, specificity = 0.82; Table 4, lower panel).
Six parameters were able to distinguish the
mdaMCI from the sdaMCI group, reaching the

The mdaMCI participants obtained worse overall
execution than the Control group, while the sdaMCI
participants showed intermediate (but not significantly different) scores. Specifically, the mdaMCI
adults showed longer RTs and fewer correct
responses (Go Hits), than the control participants.
These results are consistent with the findings of previous studies [8, 10, 58], although other authors did not
find such differences (e.g., [84]). Hence, the behavioral data showed the expected gradation reflecting
the severity of the aMCI impairment [16, 17], and it
was better in the Control than in the mdaMCI group,
in accordance with previous results [71].
Moreover, in the Go condition the behavioral
parameters proved to be suitable markers of the aMCI
states. The RTs were able to distinguish the mdaMCI
from control participants, and from both control and
sdaMCI participants, with acceptable sensitivity and
specificity (e.g., sensitivity = 0.90, specificity = 0.70,
in the Standard condition, see “RTs” section above).
The number of correct responses also enabled the
mdaMCI to be distinguished from the sdaMCI group,
and the mdaMCI from the Control group with
all the sensitivity and specificity scores exceeding the 0.80 cut-off value (Standard and Deviant
conditions). Indeed, the Go Hits in the Deviant
condition (see Table 4) was the best parameter
for differentiating between the mdaMCI and the
sdaMCI group (sensitivity = 0.90, specificity = 0.82)
and between the mdaMCI group and the sdaMCI
and Control groups together (sensitivity = 0.90, specificity = 0.89). In addition, the combined Go Hits in
the Deviant and Novel conditions was the parameter that differentiated best between mdaMCI and
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control participants, with 0.90 and 1.00 as sensitivity
and specificity scores, respectively.
In addition to poorer execution, the mdaMCI participants also showed longer Go-N2 latencies than
the Control group, with the sdaMCI participants
showing intermediate (although non-significant) values, more similar to those of the latter. It therefore
seems that the mdaMCI participants need more time
for the conscious evaluation of the target stimulus
than the healthy controls. This is consistent with
the findings reported by Cespón et al. [10] and with
those of most of other studies (longer N2 latency in
aMCI than in control adults) that did not differentiate
between aMCI subtypes ([26, 53, 62–64]; for a review
see [65]).
In our previous study we did not find any differences between aMCI and control participants in
the Go-N2 latency; however, it is possible that the
similarity between the sdaMCI scores and the control scores masked the differences between mdaMCI
and controls [55], which were revealed when the two
amnestic subgroups were considered separately.
Both the mdaMCI and sdaMCI participants
showed lower NoGo-N2 amplitudes than the control participants, with no differences between aMCI
subtypes. Again, this is consistent with our previous
findings [55] and may reflect a deficit in response conflict monitoring and/or inhibition processes in both
aMCI groups. Good sensitivity and specificity scores
were obtained for the Novel condition for almost
every type of diagnosis (see the “NoGo-N2” section
above, and Table 4).
In addition to the intermediate execution scores
between the Control and mdaMCI groups, and to
the lower NoGo-N2 amplitudes than in the Control group (and similar to the mdaMCI group), the
sdaMCI group also showed two unexpected and possibly related effects: (1) this group showed lower
Go-N2 amplitudes than the Control group, with intermediate results for the mdaMCI participants; and
(2) the sdaMCI participants showed a late positive
slow wave (PSW) that did not appear in most of
the mdaMCI and Control groups. This pattern seems
to indicate that the sdaMCI participants have some
deficit in the allocation of processing resources for
the evaluation of the Go stimulus (Go-N2), while
they perform some additional operations after categorization of the target stimulus. The slow waves
have been interpreted as reflecting serial decisions
that follow target detection [85, 86], or even as
the neural correlate of more sustained and effortful
attentional allocation and more elaborate processes

[87, 88]. It is possible that sdaMCI participants can
implement these additional operations as a compensatory mechanism that allows them to maintain
acceptable execution levels.
As stated in the introduction, most studies involving the Go-N2 amplitude did not find any differences
between groups (e.g., [58, 62]). However, with this
same task, we had already observed lower amplitudes
in the aMCI than in the Control group [55], indicating
that the A-V task seems to be able to capture some
differences that other tasks do not (e.g., [10, 58, 62,
64, 89]), including other Go/NoGo tasks [51]. This
parameter showed acceptable sensitivity and specificity (both 0.67) for distinguishing the sdaMCI from
the Control group.
In a recent study, we found that sdaMCI participants seem to take longer than the mdaMCI and
control adults to select the appropriate response
(longer sLRP peak latency in the former), while
their performance was similar to the latter and better than for the mdaMCI group [71]. This effect
linked with the lower Go-N2 amplitude observed in
the sdaMCI group (than in the Control group) may
indicate deficits in the initial conscious evaluation by
these participants of the target stimulus that might
be somehow compensated for by additional processing of the stimuli and slower selection of the correct
response, allowing normal levels of execution in the
task to be reached.
In accordance with the observation that the PSW
was present in most of the sdaMCI adults, while
absent in most of the mdaMCI and control adults, the
mean amplitude of this component was found to be
a potential biomarker for distinguishing sdaMCI participants from both control and mdaMCI participants
(see Table 4).
Finally, neither the Go-P3 nor the NoGo-P3 parameters showed any significant effects or interactions of
the group factor, as previously suggested [55].
In conclusion, the mdaMCI group showed behavioral and cognitive decline relative to the sdaMCI and
control participants, reflected in longer reaction times
and fewer correct responses. However, the sdaMCI
participants showed a different neural pattern that
may have allowed them to maintain levels of execution similar to the healthy controls, although with
longer RTs. In fact, the sdaMCI participants seem
to be in an intermediate state between healthy aging
and mdaMCI, being able to implement some compensatory neural mechanisms (indexed by the PSW)
while already showing declines with respect to the
healthy participants but not yet equal to those showed
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by mdaMCI participants. These different neural patterns may be good tools to improve the diagnosis of
the sdaMCI and mdaMCI syndromes.
In addition, several markers were identified for
each aMCI subtype, with the number of correct
responses being the best parameter for distinguishing
the mdaMCI group from the other two groups (alone
or together), and the mean PSW amplitude being the
best parameter for distinguishing the sdaMCI participants from the control adults and from the control and
mdaMCI together. These results show that behavioral
and ERP parameters measured in the AV task may be
potentially useful tools for diagnosing the amnestic
subtypes of MCI.
It is worth noting that the sample used in this study
should be enlarged in future works to ensure the
robustness of the results and potential aMCI markers
presented here. Besides, future studies should include
groups of participants with other diseases that can be
confounded with aMCI (for example, depression) to
ensure that the markers proposed for the sdaMCI and
mdaMCI syndromes can really be potentially useful
in a clinical setting in the future.
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Verleger R, Jaśkowski P, Wascher E (2005) Evidence for
an integrative role of P3b in linking reaction to perception.
J Psychophysiol 19, 165-181.
Verleger R, Metzner MF, Ouyang G, Śmigasiewicz K, Zhou
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A, Kulisevsky J (2005) Usefulness of p300 in subjective
memory complaints: A prospective study. J Clin Neurophysiol 22, 279-284.
Zappoli R, Versari A, Arnetoli G, Paganini M, Muscas GC,
Arneodo MG, Gangemi PF, Bartelli M (1991) Effect of
physiological and pathological aging processes on topographic bit-mapped cognitive evoked potentials in presenile
subjects. Acta Neurol (Napoli) 13, 569-573.
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