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Introduction

n daily life, people are required to estimate the
duration of both external and internal events in order to
anticipate significant changes and adapt their actions
accordingly. Thus, time estimation plays an important
role in adaptation to the environment. A number of fac-
tors can influence time estimation, such as the size of the
duration to be evaluated and the task used to elicit the
duration judgment.'?

Time estimation, within a range of seconds, involves cognitive functions which depend on multiple brain regions.
Here we report on studies investigating the reproduction and production of three durations (5, 14, and 38 seconds)
in four groups of patients. The amnesic patient underproduced the length of the long durations because of episodic
memory deficit following bilateral medial temporal lesions. Epileptic patients (n = 9) with right medial temporal
lobe resections underproduced the three durations because of a distorted representation of time in long-term mem-
ory. Traumatic brain injury patients (n = 15) made more variable duration productions and reproductions because
of working memory deficits following frontal-lobe dysfunction. Patients with Parkinson’s disease (n=18) overpro-
duced the short duration and underproduced the long duration because of a possible increase in internal clock
speed following levodopa treatment, as well as working memory deficits associated with frontal-lobe damage.
Further research, in neurological and psychiatric patients, is required to better understand the underlying mecha-
nisms of time estimation.
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Time estimation in the millisecond range is considered
to be automatic and associated with the motor system,
whereas time estimation in the second-to-minute range
is considered to be controlled by cognition.** As our
interest is in the relationships between time estimation
and cognition, we will focus this review on the longer
duration range.

Studies of timing in the second-to-minute range have
been influenced by the prominent Scalar Timing
Theory.”® According to this theoretical model, temporal
judgments are based on three information-processing
stages: the clock stage, the memory stage, and the deci-
sion stage. The first stage is the clock stage, which refers
to a pacemaker emitting pulses at a mean constant rate.
These pulses are gated by a switch into an accumulator
when the signal duration is being processed. Duration
judgments depend on the pulse number, which increases
as time elapses. The content of the accumulator, corre-
sponding to the current time, is transferred and stored in
a working memory system. The decision results in a com-
parison between the content of working memory and the
content of reference memory. This long-term memory
system is able to store representations of several number
of pulses accumulated in past trials (Figure 1).
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Figure 1. Scalar timing theory.
Reproduced from ref 6: Gibbon J, Church RM, Meck WH. Scalar tim-
ing in memory. Ann N Y Acad Sci. 1984;423:52-77. Copyright © New
York Academy of Sciences 1984

The temporal performance is also closely related to the
task used to collect the duration judgments. For exam-
ple, steady-state changes in the pacemaker rate will have
no effects on the accuracy of duration judgments in a
reproduction task. In this task, subjects have to evaluate
and reproduce a target duration by comparing time pass-
ing during the evaluation phase with that elapsing dur-
ing the reproduction phase. Both periods of time are typ-
ically coded by the same internal pacemaker pulsing at
the same rate in the two phases of the task. In contrast,
changes in the speed of the internal clock will be
revealed in time estimation tasks requiring a translation
between experienced duration and conventional time
units, such as the production task (eg, press this button
after what seems like 5 seconds to you) or the verbal
estimation task (eg, how long have you been doing this
task?).

The accuracy and variability of temporal judgments can
also vary according to the conditions in which time esti-
mation tasks are performed. Dual-task paradigms with
time estimation and a concurrent task yield to shorter
experienced durations.”” In these conditions, attention
must be shared between processing temporal and non-
temporal information, and fewer pulses are gated into
the accumulator and transferred into the working mem-
ory store. Conversely, when participants can count for
the stimulus duration, temporal judgments are generally
accurate. The difference of temporal performance
between these two conditions relies on the amount of
attention allocated to time (ie, to the evaluation of dura-
tion).

Two indices of performances can be computed to assess
accuracy and precision of temporal judgments. The first
reflects the accuracy of temporal judgments and is com-
puted by taking the ratio of the duration reproduced or
produced to the target duration. The second is the coef-
ficient of variation (CV), computed by taking the ratio
of the standard deviation to the reproduction or pro-
duction mean. This index represents the variability of
temporal judgments of each participant, and allows eval-
uation of how consistent subjects are in their reproduc-
tions or productions of the same target duration.
Neuropsychological and neuroimaging studies have
shown that many parts of the brain contribute to time
estimation, the most commonly cited being the cerebel-
lum, the right parietal cortex, the right prefrontal cortex,
and the frontostriatal network."*" Different neural sys-
tems are probably implicated, depending on the tempo-
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ral task and the duration range used. On one hand, time
estimation in the millisecond range is related to motor
areas of the brain including basal ganglia, supplementary
motor area, and cerebellum. Patients with cerebellar
lesions are generally impaired in motor timing tasks for
durations in the range of milliseconds.'”" Patients with
Parkinson’s disease, who have damage to the basal gan-
glia, also exhibit impaired temporal discrimination in the
millisecond time range." On the other hand, time esti-
mation in the second-to-minute range is related to the
prefrontal and parietal cortices but also to a frontostri-
atal network, modulated by dopamine.”*" Patients with
prefrontal lesions,"™" frontal lesions, or Parkinson’s dis-
ease'? exhibit time estimation impairments for dura-
tions in the second-to-minute range. The activation of
the vagus nerve, which stimulates the frontal lobe, also
modulates time perception in patients with major
depressive disorder.” However, it is not clear whether
these brain areas are directly related to time estimation,
or if they take part in attention, working memory, and
decision-making processes involved in time estimation
of durations in the second range."” Impairments of time
estimation in schizophrenic patients could result from a
combined effect of a disturbed central timing mecha-
nism supported by dopamine in the basal ganglia and
cognitive deficits mediated by a prefrontal-thalamic-
striatal network™®

Several studies suggest a predominant involvement of
the right hemisphere in time estimation.”* Patients with
right temporal lobe lesions are particularly affected in
the estimation of durations in the second-to-minute
range.”* Patients with lesions to the right prefrontal cor-
tex also show time estimation deficits for the reproduc-
tion of long durations,” and neuroimaging investigations
confirm the activation of the right prefrontal cortex in
time estimation.*” A specific dysfunction of the right
putamen, right prefrontal cortex, and right thalamus
underlie time estimation deficits in schizophrenia.” The
right hemispheric specificity for timing seems to depend
on the temporal task used. Explicit timing tasks, such as
the reproduction task, activates the right frontostriatal
network, whereas implicit timing tasks, in which the sub-
jects have to predict the offset of a duration, activate the
left parietal and premotor cortex as well as the cerebel-
lum." Consequently, these studies underline that the
brain structures and cognitive processes involved in time
estimation may differ according to the paradigm used.
In the last few years, a number of neuropsychological

studies have been aimed at clarifying the relationships
between time estimation and cognition by investigating
time judgments in patients who present memory and
attention dysfunctions following brain damage. In this
article, we report on time estimation in the second range.

Time estimation: neuropsychological studies

We conducted a series of neuropsychological studies
using the same paradigm in an amnesic patient,” in
epileptic patients with temporal lobe resections,” in trau-
matic brain injury (TBI) patients,” and in patients with
Parkinson’s disease.” Two time estimation tasks were
used (duration reproduction task and production task),
in two conditions (control counting and concurrent read-
ing conditions), with the same three target durations (5,
14, and 38 seconds). In the control counting condition,
the participants were told to count aloud for the stimu-
lus duration, as regularly as possible and at the rate they
preferred, throughout the encoding and the reproduc-
tion phases of the reproduction task and the production
task. In the concurrent reading condition, subjects were
told to read aloud digits throughout the encoding phase
of the reproduction task and until they felt that the tar-
get duration was over in the production task.

Results will be described and discussed in the frame of
other neuropsychological studies using a similar para-
digm.

Time estimation in an amnesic patient

The well-known patient “HM” was the first amnesic
patient who was investigated regarding his duration
judgments,* and studies with other amnesic patients, or
those with Korsakoff’s syndrome, have led to the same
findings.”~" Our patient, “AC,” was profoundly amnesic
with an impairment of episodic memory, while semantic
memory was relatively spared.*

The performances of AC on the reproduction and pro-
duction tasks revealed a clear dissociation. In the repro-
duction task, AC exhibited a consistent underestimation
of the longer durations (14 s and 38 s), while he per-
formed similarly to control subjects in the production for
the same durations.

Considering the selectivity of AC’s memory deficit due
to his medial temporal lesions, the underestimations in
the reproduction task could come from a failure in the
retrieval of information from episodic memory.
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Encoding temporal information (ie, time basis pulses)
for the long durations would exceed the short-term
memory capacity of AC. In contrast, duration produc-
tions were not impaired because representation of con-
ventional units of time (eg, seconds) stored in a “refer-
ence memory” would be preserved in this patient. We
propose that this “reference memory” could be assimi-
lated to semantic memory, which stores general knowl-
edge of the world, including time representation.

Time estimation in epileptic patients with right or left
medial temporal resections

Several studies have suggested a predominant involve-
ment of the right hemisphere in time estimation.”*?
In our study, eighteen patients had undergone a right or
left medial temporal lobe resection for the relief of med-
ically intractable epilepsy.

The results showed no difference between the time
reproductions of patients with right or left medial tem-
poral lesions and those of normal controls, whereas
patients with right medial temporal resections produced
shorter durations than both those produced by left tem-
poral patients and by normal controls.

Our previous study on AC showed impaired reproductions
of durations exceeding short-term memory capacity.
Contrarily to the reproduction task, the production task
requires associating a given duration with a representation
of durations or knowledge of conventional units. We pro-
posed that the impaired duration productions in patients
with right medial temporal lobe resection could come from
a distorted representation of these time units in long-term
memory (ie, reference memory in the scalar theory).
More recently, an impairment of duration productions
has been extended to the minute range and to both
medial temporal hemispheres.” Patients with either left
or right medial temporal lobe lesions overestimated
durations of 1 to 8 minutes when they were asked to
produce them. According to the authors, the amount of
attention allocated to time would have been poorer in
patients with medial temporal lesions, leading to shorter
subjective durations.

Time estimation following traumatic brain injury
Time estimation deficits have been reported in patients

with frontal lobe lesions in the production task, for dura-
tions in the second range."**’*

Clinical research

We investigated temporal judgments of 15 patients with
TBI.” All participants also performed different neu-
ropsychological tests in order to assess memory (short-
term, working, and verbal episodic memories), as well as
a simple reaction task to assess information-processing
speed.

The results showed that duration reproductions and pro-
ductions of the three target durations were not less accu-
rate in patients than in control subjects, in either the con-
current condition or in the control condition. Conversely,
duration judgments were more variable in patients than
in control subjects, on both tasks and in both conditions.
Patients also exhibited slower reaction time tasks and
poorer memory scores than control subjects.

More recent studies have investigated time estimation
in TBI patients, using the verbal estimation task for
durations in the seconds range.”* Although it is difficult
to compare results obtained in different time estimation
tasks, it has been assumed that verbal estimation and
production tasks may tap similar time perception mech-
anisms.®

In the first study, patients in the early stages of recovery
following TBI performed verbal time estimates for 10-
to 60-second intervals.* The findings revealed no differ-
ence between time estimation in TBI and control sub-
jects for durations less than 30 seconds, whereas TBI
patients significantly underestimated the longer dura-
tions. The authors suggested that episodic memory dys-
function may account for the poorer accuracy of the TBI
participants at durations that exceeded the time frame
of working memory, a result that has also been found in
other patients with long-term memory deficits.****

In the second study, the same verbal time estimation task
was proposed in the early phase of recovery from injury
and 1 year later.” The results revealed that in the early
phase of injury, patients underestimated the durations
that exceed working memory, whereas at 12-month fol-
low-up they exhibited normal time judgments despite a
persistent episodic memory impairment. Moreover, in
both phases of recovery, patients were not more variable
than controls in their estimations. Measures of attention,
speed processing, and executive functioning in TBI
patients were still below these of normal controls at 1
year post-injury, but no significant correlations were
found between the neuropsychological tests and time
estimation accuracy. The authors suggested that patients
could have relearned to accurately estimate time units
during recovery, which is compatible with the hypothe-
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sis we proposed to explain the accurate duration pro-
ductions in the amnesic patient AC.*

Time estimation in patients with Parkinson’s disease

Parkinson’s disease (PD) represents an excellent model
to study the effects of dopaminergic dysfunctions on
temporal judgments. Our patients performed like nor-
mal controls in the reproduction task, while they over-
produced the short duration (5 s) and underproduced
the long duration (38 s) in the production task: this tem-
poral judgment bias, known as “the migration effect,””
was correlated with short-term memory scores. Thus, the
influence of durations on each other would occur
between the different trials within a session rather than
between the representations of durations in long-term
memory. We also used a finger-tapping task, which is
assumed to be a direct measure of internal clock speed,
and we found that PD patients who produced the longer
durations were those with the slowest 1-second tempo.
Therefore, we proposed that levodopa administration in
PD patients would have counteracted the slower rate of
the internal clock typically reported in nonmedicated
patients, without restoring all of the memory functions.
Several other recent studies have shown a similar migra-
tion effect in PD patients.»**

Time estimation in psychiatric patients

Patients with affective disorders have often been
reported to exhibit impaired duration judgments.*
Depressive patients generally have the feeling of time
passing slowly, and this feeling is correlated with the
severity of depression. Conversely, manic patients have
the feeling of time passing more quickly than it actually
is.** In the duration production tasks, depressive
patients are particularly impaired for the longer dura-
tions. This result is explained by the requirement of sup-
plementary cognitive processes, in particular attention
and memory, in time estimation in the second-to-minute
range.” Time estimation impairments in depressive
patients have also been associated with retardation.
Indeed, depressive patients are known to show impaired
executive functions as well as a slowing processing
speed.”*? The assessment of productions of long dura-
tions (35 and 90 s) reveal that both depressed and manic
patients overestimate time, with the manic group over-
estimating even more prominently.® The overestimation

of time in manic patients (ie, shorter durations pro-
duced) appear compatible with the accelerated rate of
mental events and agitation in these patients.
Overestimation of time in depression is more difficult to
explain. Although both groups of depressed and manic
patients show greater retardation compared with con-
trols, there were no significant correlations between
retardation and time productions in none of both groups.
Thus, impaired productions in patients with affective dis-
orders could be due to memory deficits. In the repro-
duction of durations in the second range (1 s, 6 s, and 37
s), which is supposed to involve memory, manic patients
underestimate the long duration and depressive patients
overestimate the short duration.” A recent study has
shown a similar pattern of impaired reproductions in
depressed and manic patients related to severity of ill-
ness.” Additional measurement of short-term and long-
term memory would be necessary to better understand
the relationships between time estimation and memory
in patients with affective disorders.

A time estimation deficit in patients with schizophrenia is

exhibit attention and memory dysfunctions as well as meta-
bolic alterations, including in the dopaminergic systems.™
The results show a tendency for patients with schizophre-
nia to overestimate time and to be less accurate in time esti-
mation tasks than controls.” Results have been interpreted
as a deficit in a specific timing process. However, most of
these studies used other time estimation paradigms than
the production and reproduction tasks, as well as short time
intervals.*”” Some authors investigated time productions in
patients with schizophrenia and manipulated the amount
of attention allocated to time.” The results showed that the
negative effect of the dual task paradigm on the accuracy
of time productions was higher for the schizophrenic
patients than for the controls. Thus, the authors explained
the altered temporal judgments in schizophrenia by work-
ing memory deficits. In a reproduction task, schizophrenic
patients have been shown to be less accurate than controls
and to overestimate time.” According to the authors, these
results suggest that attention and memory, which are
impaired in schizophrenic patients and involved in the
reproduction task, are confounding factors in schizophre-
nia. Moreover, dopamine dysregulation is involved in both
schizophrenia and cognition.

Further studies are necessary to clarify how time esti-
mation impairments in psychiatric patients are related
to biochemical changes and to cognitive deficits.
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Discussion

Our work is the first to compare time judgments
obtained in several groups of patients with different neu-
rological disorders using the same time estimation par-
adigm (ie, reproduction and production of three time
durations in seconds). We can deduct from this the mem-
ory systems and the brain structures involved in each
time estimation task (7able I).

Short-term memory

Short-term and working memory would be involved in
both reproductions and productions of durations in the
second range. The accurate reproduction of short dura-
tions by the amnesic patients is due to the fact that short-
term memory is preserved. Inversely, TBI and PD
patients, who generally show working memory deficits,
made respectively more variable duration reproductions
and productions, and inaccurate productions. The frontal
lobe would be necessary to maintain attention during
the trial while accumulating temporal information in
working memory.

Long-term memory

This would be differently involved in the productions
and reproductions of durations in the second range.

In the reproduction task, episodic memory would be
necessary to reproduce durations exceeding 10 to 15 sec-
onds. The delay introduced between the encoding and
the reproduction phases would require a retrieval of
information from long-term memory when the target
durations exceed the short-term memory span. In AC,
the underestimation of long durations reflects a defec-
tive retrieval of information in episodic memory con-
secutive to bilateral medial temporal lesions.

A long-term memory system would also be required in
the production task. When subjects have to produce a
target duration given in conventional units of time, they
must compare the content of time units accumulated and
stored in working memory with a representation of time
stored in a “reference memory.” Since the amnesic
patient was able to produce durations as normal con-
trols, we propose that this reference memory could be a
semantic memory, which is preserved in AC. The repre-
sentation of time would be stored with the general

knowledge of the world in semantic memory. We would
know what a second signifies, just as we know who is the
president of the United States. Semantic memory
involved in the production task would depend on the
right medial temporal lobe, since epileptic patients are
impaired in the production of durations. This explana-
tion is consistent with recent studies which support the
involvement of the medial temporal lobe in both
episodic and semantic memory.™

Alternatively, since PD patients exhibit impaired dura-
tion productions, we can deduct from this that “reference
memory” corresponds to procedural memory, which is
generally altered in these patients.” Thus, the represen-
tation of time would result in the past experience of time
judgment in daily life. We would know what a second
signifies, just as we know how to cook. The procedural
memory necessary for the production task would thus
depend on subcortical structures.

Attention and executive functions also seem to play an
important role in duration reproduction and production
tasks.

Further neuropsychological studies, combining neuro-
logical and psychiatric disorders, using the same time
estimation tasks for the same duration range, will con-
tribute to a better understanding of the complex inter-
actions between cognition and time estimation. (1

Time estimation tasks

Duration Reproduction Production

5 seconds Short-term memory  Short-term memory
Working memory Working memory
Attention Attention
Frontal structures Frontal structures
delay Comparison with a

representation of time
14 and 38 seconds Retrieval in in semantic or

episodic memory procedural memory

Bilateral medial
temporal lobes

Right medial temporal
and/or subcortical
structures

Table I. The involvement of the memory systems and the associated brain
structures in the reproduction and production of short (5 seconds)
and long durations (14 and 38 seconds).
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Una aproximacion neuropsicoldgica a la
estimacion del tiempo

La estimacion del tiempo, para el rango de segun-
dos, involucra funciones cognitivas que dependen
de multiples regiones cerebrales. En este articulo se
presentan estudios que investigan la reproduccion
y produccion de tres duraciones de tiempo (5, 14y
38 segundos) en cuatro grupos de pacientes. El
paciente amnésico subestimo la longitud de las
duraciones mas largas debido al déficit de la memo-
ria episddica posterior a lesiones temporales media-
les bilaterales. Los pacientes epilépticos (n=9), con
resecciones del Iobulo temporal medial derecho,
subestimaron las tres duraciones debido a una
representacion distorsionada del tiempo en la
memoria a largo plazo. Los pacientes con dafo
cerebral traumatico (n=15) tuvieron producciones y
reproducciones de duracion mds variable debido a
los déficit en la memoria de trabajo posteriores a
disfunciones del I6bulo frontal. Los pacientes con
Enfermedad de Parkinson (n=18) sobreestimaron la
produccion mas corta y subestimaron la produccion
mas larga debido a un posible aumento en la velo-
cidad del reloj interno después del tratamiento con
levodopa, asi como los déficit en la memoria de tra-
bajo asociados con danos del Iébulo frontal. Se
requiere de futuras investigaciones en pacientes
neuroldgicos y psiquidtricos para una mejor com-
prension de los mecanismos subyacentes a la esti-
macidn del tiempo.

Approche neuropsychologique de
I'estimation du temps

L’'estimation temporelle implique des fonctions
cognitives sous contréle d‘un ensemble de struc-
tures cérébrales. Nous rapportons les reproductions
et productions de trois durées (5, 14 et 38 secondes)
dans quatre groupes de patients. Le patient amné-
sique sous-estime les durées longues en reproduc-
tion car il présente un déficit de mémoire épiso-
dique consécutif aux lésions médio-temporales
bilatérales. Les patients épileptiques avec résection
médio-temporales droites (n = 9) produisent des
durées plus courtes du fait d’une représentation
mnésique altérée des unités de temps. Les patients
traumatisés craniens (n = 15) fournissent des juge-
ments temporels variables liés au déficit de
mémoire de travail résultant d’un dysfonctionne-
ment frontal. Les patients avec maladie de
Parkinson (n = 18) surestiment la durée courte et
sous-estiment la durée longue a cause d’une accé-
lération probable de la vitesse d’horloge interne
induite par le traitement dopaminergique ainsi que
d‘une altération de la mémoire de travail résultant
d’un dysfonctionnement frontal. D’autres
recherches menées chez des patients atteints de
troubles neurologiques et psychiatriques devraient
permettre de mieux comprendre les mécanismes
sous jacents a 'estimation du temps.
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