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Abstract.
Background: The temporal processing of sensory information can be evaluated by testing the somatosensory temporal
discrimination threshold (STDT), which is defined as the shortest interstimulus interval needed to recognize two sequential
sensory stimuli as separate in time. The STDT requires the functional integrity of the basal ganglia and of the somatosensory
cortex (S1). Although there is evidence that time processing is impaired in patients with Alzheimer’s disease (AD), no study
has yet investigated STDT in patients with various degree of cognitive impairment.
Objective: The aim of our study was to understand how cognition and attention deficits affect STDT values in patients with
cognitive abnormalities.
Methods: We enrolled 63 patients: 28 had mild-moderate AD, 16 had mild cognitive impairment (MCI), and the remaining 19
had subjective cognitive deficit (SCD). A group of 45 age-matched healthy subjects acted as controls. Paired tactile stimuli
for STDT testing consisted of square-wave electrical pulses delivered with a constant current stimulator through surface
electrodes over the distal phalanx of the index finger.
Results: STDT values were higher in AD and MCI patients than in SCD subjects or healthy controls. Changes in the STDT
in AD and MCI were similar in both conditions and did not correlate with disease severity.
Conclusions: STDT alterations in AD and MCI may reflect a dysfunction of the dopaminergic system, which signals salient
events and includes the striatum and the mesocortical and mesolimbic circuits.

Keywords: Alzheimer’s disease, mild cognitive impairment, somatosensory temporal discrimination threshold, subjective
cognitive decline, temporal processing

INTRODUCTION

Temporal processing and time perception can be
investigated by means of several methods whose level
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of complexity ranges from basic levels, which include
temporal discrimination, perception of simultaneity
of two stimuli and discrimination of temporal order,
to more complex levels, which include perception of
duration and perception of time flow [1–3]. Time per-
ception has been investigated in Alzheimer’s disease
(AD) with neuropsychological paradigms consisting
of verbal time estimation, verbal time production or
reproduction, and interval comparison in order to
evaluate time interval length [4–10]. These studies
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showed that AD patients had an impairment in time
processing and they had significant alterations in the
judgment of time duration [11]. Only few studies have
investigated time perception in mild cognitive impair-
ment (MCI) and they reported normal findings [6,
12]. Conversely, there is evidence that the subjective
experience of time is altered even at the early stage
of cognitive impairment (MCI) [12].

Temporal processing can be also evaluated by
using a simple method that assesses the ability to rec-
ognize two sequential sensory stimuli as separate in
time (somatosensory temporal discrimination thresh-
old - STDT). STDT has never been tested in patients
with AD and MCI. STDT testing requires the func-
tional integrity of both the basal ganglia—within a
network that integrates and selects incoming sensory
information through the dopamine-mediated alerting
system [13, 14]—and the somatosensory cortex (S1)
[15, 16].

In particular, the S1 sharpens sensory informa-
tion through inhibitory cortical interneuron activity
[15]. The STDT is also partly regulated by the pre-
supplementary motor area (SMA), anterior cingulate
cortex, and associative parietal cortex, as demon-
strated by functional magnetic resonance imaging
(fMRI) studies [17]. As STDT testing involves
attention-demanding procedures [15, 17], under-
standing how cognition and attention deficits affect
STDT values has relevant implications for studies
that include STDT testing in patients with neurolog-
ical conditions. In the present study we investigated
the STDT in patients with cognitive impairment by
enrolling patients with AD, MCI, and subjective
cognitive decline (SCD). SCD is a condition char-
acterized by a self-perceived cognitive impairment
that is not detected by neuropsychological tests and
is considered a preclinical stage of dementia [18, 19].
To see whether possible changes of STDT values in
patients with cognitive disorders are due to aging-
related effects, the results from AD, MCI, and SCD
patients were compared with those from a group of
age-matched healthy subjects.

MATERIALS AND METHODS

Subjects

We enrolled 63 subjects from the Alzheimer’s
Unit at the Department of Human Neurosciences,
Sapienza University of Rome: 28 had mild-moderate
AD, 16 had MCI, and the remaining 19 had SCD.
Forty-five age-matched healthy volunteers with no

evidence of cognitive impairment were consecu-
tively enrolled from among the unaffected partners
of patients attending the Department of Human
Neurosciences, Sapienza University of Rome, Italy.
The diagnosis of probable AD and MCI was made
according to the clinical criteria from the National
Institute on Aging-Alzheimer’s Association work-
groups (NIA-AA) [20, 21]. The diagnosis of SCD was
based on subjective cognitive decline criteria [22].
The patients’ demographic and clinical characteris-
tics are shown in Table 1.

The patients underwent a physical and neuro-
logical assessment, standard laboratory tests, serum
vitamin B12, folate, and thyroid hormone assays as
well as a neuropsychological evaluation. AD patients
were included if they were between 55 and 85 years of
age, had an Mini-Mental State Examination (MMSE)
score between 15 and 26, a Clinical Dementia Rat-
ing (CDR) score between 0.5 and 2, and a Modified
Hachinski Ischemic Score of 4. MCI patients were
included if they were between 55 and 85 years of
age, had an MMSE score between 20 and 26, and a
CDR score equal to 0. SCD subjects were included
if they were between 55 and 85 years of age, had
an MMSE score higher than 27 and a CDR score
equal to 0, and had undergone an MRI scan that
revealed cortical atrophy involving the medial tem-
poral lobes [23]. Patients were excluded if they had
secondary causes of dementia, degenerative demen-
tia other than AD, or vascular dementia diagnosed
according to the National Institute of Neurological
Disorders and Stroke and Association Internationale
pour la Recherche et l’Enseignement en Neuro-
sciences (NINDS-AIREN) criteria [24]. Patients and
healthy subjects were excluded if they had psychiatric
comorbidities, if they had had repeated head trauma,
protracted loss of consciousness following head
trauma or severe central nervous system infections
within the last 5 years, or if they had a history of cere-
brovascular disease (i.e., stroke, transient ischemic
attacks, cerebral hemorrhage). Subjects who had a
clinically-diagnosed peripheral sensory neuropathy
or who presented major risk factors for neuropathy
(e.g., diabetes, chronic metabolic diseases, autoim-
mune diseases) were not included in the study
either. Patients who were taking antipsychotic drugs
were excluded while those taking anticholinesterase
inhibitors were not. The study was conducted in
accordance with the Declaration of Helsinki and was
approved by the Local Ethics Committee. All the
participants, or their caregivers, gave their written
informed consent.
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Table 1
Demographics and clinical characteristics of SCD, MCI, and AD patients

SCD (n = 19) MCI (n = 16) AD(n = 28) Test p

Age (y, mean ± SD) 68.4 (±6) 71.6(±9.5) 78 (±4.7) H = 21.3 <0.01
Gender (Male, number and %) 4 (21%) 9 (56.2%) 15 (53.6%) χ2 = 6 <0.05
Education (y, mean ± SD) 12.5 (±3.1) 9.9 (±4.8) 9.04 (±4.2) H = 8.6 <0.05
MMSE (mean ± SD) 28.1 (±1.8) 22.5 (±2.9) 20,1 (±2.7) H = 39.4 <0.01
RAVLT immediate recall (mean ± SD) 43.3 (±9.9) 34.8 (±8) 27,3 (±6.5) H = 22.9 <0.01
RAVLT delayed recall (mean ± SD) 9.2 (±2.5) 5.8 (±4.7) 1,4 (±2.5) H = 31.6 <0.01
Babcock immediate recall (mean ± SD) 5.4 (±1.3) 3.7 (±2.5) 1,7 (±1.9) H = 22.8 <0.01
Babcock delayed recall (mean ± SD) 6.2 (±1.6) 3.8 (±2.8) 1,5 (±2.4) H = 26.5 <0.01
DS (mean ± SD) 5.5 (±0.8) 5 (±0.8) 5 (±0.6) H = 6.4 <0.05
CT (mean ± SD) 4.7 (±0.8) 3.8 (±0.7) 3,9 (±0.7) H = 10.5 <0.05
ROCF immediate recall (mean ± SD) 18.1 (±8.1) 6.2 (±4.9) 4,4 (±4.2) H = 30.4 <0.01
ROCF delayed recall (mean ± SD) 18.6 (±7.8) 4.5 (±4.6) 4,6 (±4.5) H = 34 <0.01
VS (mean ± SD) 52 (±4) 43.9 (±6.9) 42 (±9.6) H = 17.3 <0.01
TMT-A (mean ± SD) 54.4 (±18.7) 98.1 (±33.1) 113(±46.2) H = 23.6 <0.01
TMT-B (mean ± SD) 74.7 (±42.8) 245.3(±87.6) 257(±79.5) H = 34.4 <0.01
VPF (mean ± SD) 36.3 (±8.4) 23.6 (±6) 22,7 (±6.4) H = 24.2 <0.01
VSF (mean ± SD) 43.7 (±9.2) 30.3 (±6.5) 26,7 (±6.8) H = 31.9 <0.01
BNT (mean ± SD) 29.2 (±2.5) 30.2 (±9.5) 27 (±6.9) H = 10.3 <0.01
CDT (mean ± SD) 1.5 (±0.7) 2.5 (±1.4) 3,3 (±1.1) H = 19.4 <0.01
ROCF copy (mean ± SD) 33 (±3.3) 24.5 (±11.4) 20,5 (±6.2) H = 9.9 <0.01
FAB (mean ± SD) 17.4 (±1.4) 14.6 (±2.4) 13,5 (±2.7) H = 24 <0.01
RCPM (mean ± SD) 28.8 (±5) 25.2 (±5.7) 20,5 (±6.2) H = 16.5 <0.01

SCD, subjective cognitive decline; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MMSE, Mini-Mental State Examination;
RAVLT, Rey’s auditory verbal learning test; DS, Digit span; CT, Corsi block-tapping test; ROCF, Rey-Osterrieth complex figure test; VS,
Visual-Search Matrix-test; TMT-A, Trail-Making test part A; TMT-B, Trail-Making test part B; VPF, Phonemic Verbal Fluency test; VSF,
Semantic Verbal Fluency test; BNT, Boston Naming test; CDT, Clock Drawing test; FAB, Frontal Assessment Battery; RCPM, Raven’s
Progressive Colored Matrices.

Neuropsychological evaluation

All the patients underwent a complete neuropsy-
chological evaluation including the MMSE [25], as
a measure of global cognitive decline, activities of
daily living (ADL) and instrumental activities of
daily living (IADL) to assess functional impairment
[26]. Patients also underwent: Rey’s auditory ver-
bal learning test (RAVLT), Babcock story recall test
[27], the Corsi block-tapping test (CT) [28] and Digit
span (DS) [29] to assess memory; the Visual-Search
Matrix-test (VS) [29] and the Trail-Making test part
A (TMT-A) and part B (TMT-B) [30] to assess atten-
tional function; the Boston Naming test (BNT) [31],
the Semantic Verbal Fluency test (VSF) and the
Phonemic Verbal Fluency test (VPF) [32] to assess
verbal functions; the Clock Drawing test (CDT)
[33] and Rey-Osterrieth complex figure test (ROCF)
[27] to assess visuoperceptual functions; the Frontal
Assessment Battery (FAB) [34] and Raven’s Progres-
sive Coloured Matrices (RCPM) [35,36] to assess
frontal functions. Healthy subjects underwent the
Montreal Cognitive Assessment (MoCA) to assess
global cognitive functions.

STDT testing

The STDT was investigated according to the exper-
imental procedures used in previous studies [15,
37–41]. Paired tactile stimuli for STDT testing con-
sisted of square-wave electrical pulses delivered by
means of a constant current stimulator (Digitimer
DS7AH) through surface electrodes over the distal
phalanx of the right index finger. The stimulation
intensity was defined for each subject by deliver-
ing a series of stimuli starting from an intensity of
2 mA that increased in 0.5 mA steps; the intensity
used for STDT testing was the minimal intensity the
subject perceived in 10 out of 10 consecutive stimuli.
We delivered paired stimuli by starting with an inter-
stimulus interval (ISI) of 0 ms (simultaneous pair)
and progressively increasing the ISI in 10 ms steps.
The first of three consecutive ISIs at which partici-
pants recognized the stimuli as temporally separate
was considered the STDT. The STDT was defined
as the average of three STDT trials and entered in
the data analysis. To ensure that the subjects’ atten-
tion levels remained high throughout STDT testing,
we delivered random single stimulus “catch trials”.
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If subjects were not consistent in the catch trials, the
STDT value obtained was discarded from the analysis
and the STDT was retested.

Statistical analysis

The statistical analysis was performed using SPSS
(vers. 24). We compared the demographic and clin-
ical characteristics of the AD and MCI patients and
SCD subjects by performing a Kruskall-Wallis test
and Mann-Whitney U test for the post-hoc analysis.
We performed an ANOVA including age and edu-
cation as covariate to detect possible differences in
STDT values between the three samples of patients
and healthy subjects. We also performed ROC curve
analyses to identify the cut-off STDT value that
yielded the highest discriminative ability for differen-
tiating patients with cognitive impairment (MCI and
AD) from healthy subjects. Moreover, Spearman’s
Rho Correlation Coefficient between STDT values
and neuropsychological scores obtained in MCI, AD,
and SCD subjects was calculated. Lastly, we ran a
multiple regression analysis to detect any associa-
tions between STDT values and clinical variables
that could be used to diagnose cognitive impairment.
p < 0.05 indicated statistical significance.

RESULTS

The patients’ demographic and clinical character-
istics and neuropsychological test scores are shown
in Table 1. In healthy subjects, MoCA mean score
was 26.7 ± 1.5.

Three of the 63 patients responded inconsistently
during the STDT testing and were thus excluded from
the analysis.

AD patients were older than MCI patients and, as
expected, they had a greater global cognitive func-
tional impairment (measured by means of the MMSE,
ADL, and IADL). AD patients also scored lower in
all the tests that measured verbal memory and in the
RCPM, which measures executive functions. AD and
MCI patients did not significantly differ in education
level. Subjects with SCD had a higher education level,
were younger and performed better than AD patients
in the neuropsychological tests (p < 0.001). Although
SCD subjects were similar in age and had a similar
education level to MCI patients, MCI patients per-
formed worse than SCD in the neuropsychological
tests (p < 0.001; Table 1).

When data from both the patients and healthy
subjects were compared, the ANOVA yielded sig-

Fig. 1. Somatosensory temporal discrimination threshold (STDT)
values in patients with cognitive disorders and healthy subjects.
Open squares represent individual STDT values (from the left
to the right) in Healthy subjects, Subjective cognitive decline
(SCD), Mild cognitive impairment (MCI), and Alzheimer’s disease
patients (AD). Boxes represent mean STDT values ± the standard
deviation in each group.

nificantly different STDT values between AD and
MCI patients, SCD subjects and healthy subjects
(F = 66.2 df: 3, p < 0.0001) (Fig. 1). The post-hoc
analysis showed that STDT values in patients with
AD (p < 0.001) and in patients with MCI (p < 0.001)
were higher than those in healthy controls. STDT
values in subjects with SCD were instead normal
(p = 0.97). The post-hoc analysis also showed that the
STDT did not significantly differ between MCI and
AD (p = 0.26). The ROC curve analysis, which was
performed in order to identify cut-off values between
patients with cognitive impairment and healthy sub-
jects, showed that an STDT value equal to 110 ms
yielded a 93.4% sensitivity and 98% specificity in dis-
criminating patients with cognitive impairment (AD
and MCI) from healthy subjects. STDT value higher
than 120 ms corresponds to 100% positive predictive
and STDT lower than 95 ms corresponds to 100%
negative predictive value. Considering the “110 ms
STDT cut-off value”, STDT was normal in only 2 of
the patients with MCI and altered in only 4 subjects
with SCD.

Correlations between STDT values and
neuropsychological scores

No correlations emerged between the neuropsy-
chological scores and STDT values in MCI and AD
patients. The multiple regression analysis showed
that STDT and MMSE values were significantly
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associated with a diagnosis of MCI and AD (p = 0.03
and p = 0.02, respectively).

DISCUSSION

Our findings show that STDT values were higher in
AD and MCI patients than in SCD subjects or healthy
controls. STDT changes in AD and MCI were com-
parable in both conditions and did not correlate with
disease severity.

The differences in STDT abnormalities we
detected in AD and MCI patients might have been due
to differences in age between the groups of subjects
we studied. In healthy subjects, the STDT increases
by 6.66 ms every ten years [42]. However, although
MCI patients and SCD subjects were similar in age,
STDT values were altered in MCI patients though not
in SCD subjects. In addition, when STDT values in
AD patients were compared with those in normal sub-
jects of a similar age, the extent of the STDT increase
was greater than might have been expected it been due
to age-related mechanisms. We therefore rule out the
possibility that aging-related effects were responsible
for the STDT abnormalities we detected in AD and
MCI. Education is another factor that might affect the
STDT. However, although the level of education was
lower in AD patients than in SCD subjects, it was
similar between MCI and SCD, and no differences
emerged in the STDT values between AD and MCI.
Hence, we also exclude the possibility that differ-
ences in education level may account for the increased
STDT we observed in AD.

Moreover, in order to rule out the possibility that
any STDT changes might be due to a misinterpreta-
tion of the task due to severe cognitive impairment,
we included only patients who gave stable and repro-
ducible responses across the STDT trials, excluding
those who gave very inconsistent responses, as eval-
uated by means of the catch trials.

The STDT involves cortical and subcortical
processing. Previous investigations based on non-
invasive brain stimulation [15, 16] and functional
MRI [17, 43] have demonstrated that S1 and basal
ganglia play a key role in the STDT. However, selec-
tive S1 involvement is unlikely to be responsible for
STDT abnormalities in AD and MCI because the S1
is not involved in AD, at least in the early phase
of the neurodegenerative process [44]. Similarly, the
increased STDT values are also unlikely to be due to
selective basal ganglia damage because the patients
we studied did not have parkinsonism or any clinical

features that might be specific of basal ganglia dis-
orders. STDT is also modulated by the pre-SMA,
anterior cingulate cortex, and associative parietal cor-
tex. Temporal processing involves the activation of
cortico-striatal networks including ventral and dorsal
striatum projecting to dorsolateral prefrontal cortex,
SMA, and associative parietal cortices in which each
region plays a different role in time perception [45].
Ventral and dorsal striatum may also intervene in
attentional processes through their connections with
frontal areas [46–50]. Indeed dopaminergic networks
are involved in both interval timing and attention
processes via mesocortical and mesolimbic networks
[51–53]. Attentional deficits may interfere with all the
stages of temporal processing varying from the early
automatic encoding phase (STDT) to the more com-
plex processes of the time perception. Consistently,
we observed that the AD and MCI patients scored
worse than SCD subjects in the TMT-A and TMT-B,
which test attentional performance. Our hypothesis
is that STDT alterations in AD and MCI reflect a
dysfunction in the dopaminergic system, signaling
salient events, that includes the dorsal and ventral
striatum (parts of the mesocortical and mesolimbic
circuits) and projects to the dorsolateral prefrontal
cortex, somatosensory and associative parietal cor-
tices [54, 55]. Previous studies on mouse models of
AD and MCI have revealed a loss of dopaminergic
signaling in the ventral tegmental area (VTA) both
before and after the onset of cognitive deficits [56]. De
Marco et al. (2018) recently found a volume reduc-
tion in the VTA in patients with mild/moderate AD
and MCI and suggested that VTA degeneration rep-
resents an early neuropathological marker of disease
[57].

The observation that STDT changes in MCI and
AD did not correlate with the neuropsychological
evaluations suggests that STDT alterations and cog-
nitive deficits are not linearly related. Our finding that
STDT values and MMSE are independently associ-
ated with the diagnosis of AD and MCI suggests that
both may be independent markers of disease status.

The fact that STDT values were normal in the
majority of patients with subjective cognitive decline
who did not have overt attentional deficits suggests
that the STDT is altered only when attention is abnor-
mal, as assessed by means of neurocognitive tests.
The four patients with SCD (out of a total of 19 SCD
patients) whose STDT values were abnormal accord-
ing to the STDT cut-off values identified by the ROC
curve analysis may have a preclinical condition. Lon-
gitudinal investigations on subjects with SCD may
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help to clarify whether subjects with increased STDT
values in the SCD phase go on to develop MCI or AD.

One question that deserves attention is how the
STDT may be interpreted within the context of mech-
anisms of time perception and processing. Time
processing in normal subjects may be due to a cen-
tralized mechanism that encompasses different time
scales or to independent circuits (local timing model)
in different cortical areas [13]. However, regardless
of whether the timing is based on a centralized or
local timing model, an accepted model for time per-
ception is the scalar timing theory, which is based
on a three-phase process: clock, memory and deci-
sion phase [58, 59]. fMRI studies have demonstrated
that the three phases of the model are underpinned
by different brain regions and that the basal ganglia
intervene in the encoding phase, acting as dopamin-
ergic pacemaker [45, 60, 61]. Although the STDT is
modulated by multiple cortical areas (i.e., pre-SMA,
anterior cingulate cortex, and associative parietal cor-
tex), STDT reflects a temporal processing that is more
perceptual than cognitive and more automatic than
conscious. It is therefore possible that dopaminer-
gic mechanisms mediating the clock phase may be
responsible for STDT abnormalities in AD and MCI.

In conclusion, based on previous neuropsycholog-
ical studies on AD suggesting that the impairment in
time perception may be due either to a slowing down
of the internal clock mechanism or to reduced cogni-
tive attentional resources and memory deficits [4, 6,
8–10], STDT impairment likely reflects an automatic
perceptive mechanism [1, 3, 62] that may capture
the clock phase of the scalar timing theory, which
becomes abnormal when the subcortical (centralized)
system is impaired. Cortico-striatal networks, includ-
ing ventral and dorsal striatum, which are involved in
both attentional mechanisms and time interval per-
ception may play a key role in the alterations of STDT
we found in AD and MCI patients.

This study has some limitations. The sample size
was too small to draw any definitive conclusions
from the STDT alterations regarding MCI and AD.
Moreover, since STDT values were similar in MCI
and early AD, we were unable to determine whether
STDT alterations reflect disease severity. Longitu-
dinal studies are needed to evaluate whether STDT
values change over time and may be used as a marker
of disease progression.

In conclusion, the results of our study show that
the STDT is altered in AD and MCI patients but is
normal in SCD subjects. This finding may be due to
a dopaminergic dysfunction of the attention-related

mesolimbic and mesocortical circuits. Further studies
are needed to provide a better insight into the precise
mechanisms underlying time perception and the neu-
ral areas underpinning the representation of time in
the brain as well as into how they deteriorate in the
various stages of cognitive impairment. The STDT
should also be investigated in SCD subjects in a longi-
tudinal study to determine whether STDT alterations
may predict the conversion from SCD to MCI and
AD.
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