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Tracking cognitive processes with functional MRI
mental chronometry
Elia Formisano� and Rainer Goebely

Functional magnetic resonance imaging (fMRI) is used widely

to determine the spatial layout of brain activation associated

with specific cognitive tasks at a spatial scale of millimeters.

Recent methodological improvements have made it possible to

determine the latency and temporal structure of the activation

at a temporal scale of few hundreds of milliseconds. Despite

the sluggishness of the hemodynamic response, fMRI can

detect a cascade of neural activations — the signature of a

sequence of cognitive processes. Decomposing the

processing into stages is greatly aided by measuring

intermediate responses. By combining event-related fMRI

and behavioral measurement in experiment and analysis,

trial-by-trial temporal links can be established between

cognition and its neural substrate.
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Abbreviations
BOLD blood-oxygenation-level-dependent

EEG electroencephalography

fMRI functional MRI

HR hemodynamic response

ICA independent component analysis

M1 primary motor area

MEG magnetoencephalography

PPC posterior parietal cortex

RT reaction time

rTMS repetitive transcranial magnetic stimulation

SMA supplementary motor area

V1 primary visual cortex

Introduction
Mental chronometry is the attempt to decompose a

perceptual, cognitive or motor task into a sequence of

processing stages on the basis of measured response times

[1,2]. Initially, mental chronometric studies were based

exclusively on analyzing the behavioral response time or

‘reaction time’ (RT) as a function of the task condition

[1–4]. More recently, behavioral RT information has

been complemented with invasive [5,6] and non-invasive

[4,7–9] measurements of brain activity.

Electroencephalography (EEG) and magnetoencephalo-

graphy (MEG) have been used widely in humans and

seem to be particularly suited for relating sequences of

neural events to sequences of cognitive stages that under-

lie the execution of a task. Indeed, EEG and MEG

recordings of event-related responses reflect changes in

neuronal activity on a timescale of milliseconds. Owing to

intrinsic limitations, however, these methods can provide

only relatively poor information about the spatial layout of

the neural activity. By contrast, blood-oxygenation-level-

dependent (BOLD) functional magnetic resonance imag-

ing (fMRI), provides finer spatial resolution but, conven-

tionally, poor temporal resolution.

In the present review, we discuss the possibility of using

event-related fMRI [10,11] to trace not only the topo-

graphy but also the sequence of cortical activation across

brain regions during perceptual or cognitive tasks. Recent

results [12,13] show that ‘slow’ fMRI can trace sequences

of neural events surprisingly well and that the achieved

temporal resolution (�100-200 milliseconds) is sufficient

to serve as an important guide in many mental chrono-

metric measurements. When such a temporal resolution is

acceptable, using fMRI alone to gain information about

time and space simultaneously has several practical

advantages over integrating fMRI with EEG/MEG mea-

surements. This latter approach is the most promising for

mapping the cortical activation that underlies a cognitive

task with high spatial and temporal detail [14]; however,

many unresolved theoretical (e.g. matching signals whose

neuronal basis differ), methodological and technical

issues still prevent its optimal application.

This is particularly true for complex cognitive tasks that

involve distributed networks with many activated brain

regions. First, when brain activation is expected to be

largely distributed, it is more difficult to derive from a

field distribution recorded on the scalp an accurate model

of brain activity in terms of electric or magnetic sources

[14]. Second, EEG and MEG measurements are not very

sensitive for long-lasting, sustained processes and are

better suited to detect effects that are closely time-locked

to external stimulus-onsets. Spatially and temporally

resolved measurements may be possible in the future

by direct magnetic resonance mapping of neural magnetic

fields; however, this attractive alternative is still in its

infancy [15].
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fMRI-based mental chronometry relies on the assump-

tion that temporal sequences of spatially localized neural

events are reflected in sequences of spatially localized

BOLD responses (which in the following are referred to

as hemodynamic responses or HRs) [12,13]. These spatio-

temporal patterns of hemodynamic activation are detected

using acquisition and analysis tools that preserve the tem-

poral structure of the data (‘time-resolved fMRI’). As in

mental chronometric studies conducted with EEG/MEG,

estimated spatio-temporal patterns of HRs can be linked

to the subject’s percept and/or behavioral response, and

used to interpret or refine neurophysiologically plausible

cognitive models.

Mental chronometry using time-
resolved fMRI
Physiological assumptions

The basic assumption in fMRI-based mental chronome-

try is that timing differences in observed HRs are attri-

butable to the underlying neural events. Assessing the

degree to which this assumption holds, however, is not

simple. Despite recent improvements in our understand-

ing of the nature of the link between the hemodynamic

and neural domains [16–18], it remains unclear what and

how much of the ‘neural code’ is reflected in the sluggish

and spatially averaged BOLD response [19]. Many non-

neuronal biophysical factors might differentially affect

latency and other parameters of evoked HRs in the

different brain areas, thus confounding a neural interpre-

tation of fMRI observations. Among these factors, the

variability of the characteristics of neurovascular coupling

across brain areas seems to be the most relevant [20,21].

To delineate the possibilities and limitations of fMRI-

based mental chronometry, further basic research with

combined fMRI and electrophysiology in animals [16,17]

and investigation of the microstructure of the neurovas-

cular system in different brain areas [22] are mandatory.

Promisingly, preliminary results from combined fMRI

and electrophysiology in monkeys suggest that temporal

dependencies between brain areas observed during

spontaneous activity in the neuronal local field potentials

are reflected in the measured BOLD responses (AD

Leopold, MA Augath, NK Logothetis, programme 325.7

in Soc Neurosci Abstr 2002).

What is resolved in time-resolved fMRI?

In their seminal work, Menon et al. [12] collected rapid

fMRI images in restricted brain areas and examined the

onset latency of the BOLD responses to single trials of

two simple tasks. The first task involved a hemifield

checkerboard presentation in which stimulation of the

right hemifield followed 0, 125, 250, 500 or 1000 ms after

stimulation of the left hemifield. Despite a relatively

large intersubject variability in the absolute latency of

HRs to visual stimuli, the latency difference between

the BOLD responses of right and left primary visual

cortex (V1) corresponded very well to the delay in

stimulus presentation.

The second task was a cued visuo-motor RT task that

allowed the sequence of brain activation to be traced

from V1 to the supplementary motor area (SMA) and to

the primary motor area (M1). Results from this experi-

ment indicated that sequential spatially localized neural

events are reflected in sequential spatially localized HRs

in a more complex task. These results also indicated,

however, that caution should be taken in interpreting

absolute differences in HR latencies. Importantly, the

latency difference between V1 and SMA, but not that

between SMA and M1, was correlated to the subject’s

RT (see also [23]).

Notwithstanding remaining physiological uncertainties,

the results of Menon et al. [12], together with the experi-

mental evidence that has been gathered so far [12,

23–28,29�,30,31��,32], support the idea that mental

chronometric studies can be carried out with time-resolved

fMRI. The achievable temporal resolution is in the order

of a few hundreds of milliseconds (see [33�]). While this

temporal scale is too slow to detect fast interactions that

occur continuously between connected brain areas, it

seems to be sufficient to resolve the flow of information

in cortical networks at a timescale relevant for various

perceptual and cognitive tasks.

Although brain areas may process information in parallel,

many complex cognitive tasks contain serial stages of

processing, with specific stages producing intermediate

outputs that are required for initiating subsequent pro-

cessing stages [4]. If, for example, an area A needs 100 ms

to compute a representation that is required as input for

an area B, then a ‘cognitive’ temporal order is imposed on

these areas in the 100-ms range (Figure 1). At the neu-

ronal level, areas A and B might exchange some informa-

tion continuously during these 100 ms, but only if area A

has generated an adequate representation for area B can

area B start to process the input and compute another

representation that might be adequate to initiate down-

stream processing in other brain areas. The increased

processing in many neurons of area B is expected to be

accompanied by a rise in pooled activity that is strong

enough to be measurable with BOLD fMRI. In contrast,

activity in area A is expected to decrease if no further

input needs to be processed. The exact temporal order of

successively activated brain areas depends on the sub-

processes involved in a task and on the amount of time

that the involved brain areas need to compute represen-

tations that are adequate input for other brain areas.

Differences in the onset of activation of an area in

different tasks can be measured accurately with time-

resolved fMRI (within a subject, the HR of a region is

indeed highly reproducible [20]). Additional caution
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should be taken in interpreting onset differences across

different brain regions. If the estimated difference

between the HR onset latencies in two brain areas is

large (in the order of a second), it is likely that it reflects

the true neuronal order (within a subject the variability of

the HR latency across brain areas seems to be in the order

of hundreds of milliseconds [34]). Conversely, smaller

HR onset asynchronies (in the order of 100 ms or less)

might be confounded by systematic neurovascular differ-

ences between brain areas.

The interpretability of relative timing differences between

arbitrary brain areas can be tested by using several tasks

that exert a differential influence on temporal activation

or that require execution of the same subprocesses but in a

different temporal order [29�]. These approaches presup-

pose sufficient knowledge about the subcomponents

involved in the selected tasks.

Behavioral measurements, especially RT data, represent

an important source of information that can reveal the

neural origin of HR onset latencies. Indeed, when looking

at the dependence of onset latency and other parameters

of the HRs on the RT on a trial-by-trial basis, any

observed systematic timing effect within an area must

be attributable to neuronal dynamics because the bio-

physical parameters do not change [28,31��].

Optimizing the functional measurement

From a methodological perspective, the possibility of

carrying out mental chronometric studies using fMRI

depends crucially on the capability of obtaining a precise

measurement of the delay (and other temporal properties)

of the HR in different regions of the brain.

As in acquisition of the functional images, one should

consider that a fast temporal sampling of the HRs will

lead to a better estimate of their temporal properties. In

standard echo-planar imaging, temporal sampling of the

fMRI responses is determined by the volume repetition

time, which in turn depends on the number of collected

slices and on the desired matrix dimensions. If testing

specific hypotheses, one can increase temporal sampling

by collecting images from limited regions of the brain.

Figure 1
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Time-resolved fMRI. In time-resolved fMRI, information on the relative onset times of brain areas is based on measuring the onset latency of the

sluggish HRs of those areas and not directly on the onset of neural events. This indirect nature of the method and the intrinsic variability of the

HRs across brain areas both limit the achievable temporal resolution to a few hundreds of milliseconds. Although this temporal scale cannot detect fast

interactions that occur continuously between connected brain areas (small arrows), it seems to be sufficient to resolve the flow of information in

cortical networks at a timescale relevant for various perceptual and cognitive tasks (large arrows).
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Complex cognitive tasks, however, usually activate spa-

tially remote regions of the brain, thus requiring the

collection of several slices.

In practice, the compromise between spatial and tem-

poral measurement requirements leads to repetition

times of 1–2 s, which have been shown to be adequate

for mapping specific sequences of cognitive stages.

Higher magnetic fields [35] and/or parallel imaging with

phased array coils [36] allow, for a given spatial resolution,

higher temporal sampling rates. The sampling rate of HR

can be also increased using an acquisition scheme that

combines data collected in separate runs that differ in

when the stimulus occurs in relation to the image acquisi-

tion (e.g. see [26,37]). This latter approach requires,

however, additional assumptions in the analysis of the

HRs and cannot be used for a true single-trial analysis.

Optimizing the statistical analysis

How can the delay of the HR be estimated from an fMRI

time course? As in the preprocessing of time series,

special caution should be taken in all those steps that

may affect the temporal properties of the HRs. Specifi-

cally, because tracing the sequence of regional activations

requires a comparison of time series obtained from dif-

ferent slices collected at different times, the temporal

realignment of the slices (the ‘interslice time correction’

[38]) assumes a particular relevance. To preserve as much

information as possible on dynamic aspects of the HRs

(e.g. onset from baseline and rising edges of the BOLD

response), temporal filtering of the time courses should be

limited to removing linear and non-linear drifts.

Several methods have been proposed for estimating the

latency and other parameters of the HRs [21,31��,32,37,

39–44,45�]. Representations of the spatial distribution of

latencies across brain regions can be obtained by mapping

the lag, yielding maximum cross-correlation between

lagged HR models and fMRI data [21] or, in the case

of periodic stimulation, the phase of the Fourier transform

of the time series. Within the context of the general linear

model, latency maps can be obtained by including in the

design matrix of the experiment not only a model of the

expected response but also either its temporal derivative

[39] or shifted models of the expected response [31��].

Two approaches have been proposed recently that pro-

vide general and robust statistical methods for estimating

and making inferences about latencies of the HR [32,45�].
Both methods allow an accurate estimate of the latency

and of its standard error. Other proposed approaches rely

on non-linear, iterative fitting procedures of the HRs

[28,37,43,44]. These latter methods allow a larger number

of free parameters to be used in estimating the shape of

HR and thus can better capture the intrinsic variability of

the HRs in different regions of the brain or in different

subjects. However, they are computationally more inten-

sive and, in noisy time series, the estimation algorithm

might not converge. Although these methods also can be

used to obtain latency maps, they are normally used for a

detailed post hoc analysis of HRs in preselected regions of

interest [28,31��].

All methods mentioned so far rely on fixed, predefined

models of the HR. The precise shape of the BOLD

impulse response for a given region is usually unknown,

however, and, as discussed above, a certain degree of

variability between regions — due to both neural and

hemodynamic factors — should be expected. As a con-

sequence, assuming a given model in the analysis might

result in a different sensitivity in one or another region of

the brain, depending on how well the specified model

represents the actual HR of each region.

A complementary approach for mapping the spatio-

temporal pattern of brain activation is to use a multi-

variate, data-driven method such as spatial ‘independent

component analysis’ (ICA) [46]. In spatial ICA, individual

functional data sets are decomposed blindly into spatially

independent maps, each with an associated time course.

Because spatial ICA does not make assumptions about

the time course of the HRs, this method has been used

successfully to investigate the variability in single trials

of the HRs [47] and to detect HRs with unexpected

temporal profiles [48]. As described below, spatial ICA

can also be used to obtain a description of the sequence

of spatial patterns of brain activation in event-related

and fMRI-based mental chronometric studies ([49�];
E Formisano, F Di Salle, R Goebel, programme 490.8 in

Soc Neurosci Abstr 2000).

Applications
In the past few years, time-resolved fMRI has been used

to investigate a range of functional domains. Thierry et al.
[25] traced the sequence of brain activation from input

language regions (auditory cortex and Wernicke’s area) to

regions involved in the articulatory loop (Broca’s area) and

to motor output regions (precentral gyrus) in a fast repeti-

tion and a phoneme monitoring task.

Richter et al. [24,28] used time-resolved fMRI at 4 Tesla

to investigate activity in motor and premotor areas

during a mental rotation task. They carried out a chrono-

metric analysis in selected brain regions and correlated

several parameters (e.g. onset latency and width) of the

HRs with the subject’s RT in single trials of the task.

This type of analysis allows discrimination of the subset

of activated brain regions (superior parietal lobule, lat-

eral premotor area and SMA) that are involved directly

in the mental rotation of the objects. Activation patterns

related to target detection [50], movement preparation,

intention and execution [26,29�,51] and lexical decision

making [52��] have also been investigated using time-

resolved fMRI.
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fMRI-based mental chronometry during visuo-spatial mental imagery: description of the ‘mental clock task’ [54] and hypothesis-driven analysis of

functional time series. (a) During fMRI measurements, pairs of times are presented acoustically every 16 s (e.g. two o’clock and five o’clock).

Subjects are instructed to imagine the corresponding analogue clock faces and push a button with their index finger if the hands of the first clock form

the greater angle or another button with their middle finger if the hands of the second clock form the greater angle. A trial of the mental clock task

thus involves auditory perception, translation of the auditory information into mental representations that explicate the angles, comparison of the

angles and behavioral response. (b) Event-related BOLD responses of the auditory cortex (blue), left (green) and right (yellow) posterior parietal cortex

and motor cortex (red) during a trial of the mental clock task [31��]. (c) Time-resolved multiple regression analysis of event-related fMRI time series.

Multisubject (n ¼ 6) general linear model surface maps are superimposed on an inflated and flattened representation of the cortical sheet of a

template brain normalized in Talairach space. The color of significantly task-related voxels (p < 0:001, corrected) encodes the relative latency of

BOLD activation after auditory presentation of the stimulus. Blue and red indicate, respectively, early and late latencies of task-related activation
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fMRI-based mental chronometry in visuo-spatial

mental imagery

Mental imagery refers to the generation and manipulation

of mental representations in the absence of sensory

stimulation. The sequences of processing stages that

are required to generate and manipulate mental images

have been investigated widely using classical RT-based

mental chronometry methods [3,53].

In a recent study, we and our co-workers [31��] developed

further the approach proposed by Menon and co-workers

[12,28] and used fMRI-based mental chronometry to

address the issue of functional differentiation between

the various cortical areas subserving the ‘mental clock

task’ [54,55] — a complex task of visuo-spatial mental

imagery. In this mental imagery paradigm, subjects are

asked to imagine pairs of clock faces on the basis of

acoustically presented times, to compare the mental

images and to report in which of the two faces the clock

hands form the greater angle. The mental clock task

requires several seconds of processing and thus is parti-

cularly well suited for an fMRI-based mental chronome-

try investigation (Figure 2a).

A time-resolved analysis of collected time series using

conventional group and single-subject analysis detected a

sequence of cortical activation from auditory perception

to motor response with asymmetric (sequential) activa-

tion of the left and right posterior parietal cortex (PPC)

(Figure 2b,c; [31��]). Whereas the left PPC was activated

relatively early in the course of task performance, the

main clusters of the right PPC became active significantly

later. Part of the right PPC also participated in earlier

activation, however, indicative of a transition from an

early, more distributed, processing stage (presumably

the construction of the mental representation of the

angular information) to a later stage (presumably the

spatial analysis) that is largely confined to the right

PPC. Similar results were obtained when functional

time-series were analyzed using cortex-based ICA, a

Figure 3
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fMRI-based mental chronometry during visuo-spatial mental imagery: data-driven analysis of functional time-series. Individual surface components

obtained with cortex-based ICA are projected on the inflated representation of the subject’s cortex (caudomedial view). Different colors represent

different components. Event-related averaged time courses of the components are shown in the inset. Note that that this type of data-driven analysis is

useful not only to detect the temporal sequence of brain activation but also to highlight the simultaneous involvement of spatially remote regions in the

same stage of the task. Brain regions that most probably are involved in the same stage of the task (bilateral auditory and language regions

[blue] in the early stages, and bilateral sensorimotor regions [red] in the late stages) are included in the same component. In agreement with the results

from conventional analysis, the components corresponding to the fronto-parietal activation show very typical spatio-temporal features. The first

component (green) has clusters located mainly, but not exclusively, in the left PPC. Additional clusters are also present in the right PPC and in the

prefrontal cortex. The second component (yellow) is highly lateralized with clusters located almost exclusively in the right PPC on the superior part of

the IPS. The time-courses of these two components show that the activation of the component lateralized in the right PPC followed the activation

of the other, less-lateralized component. Abbreviation: AU, arbitrary units.

(Figure 2 Legend Continued) corresponding to the auditory stimulation and motor response. Intermediate latencies are represented linearly

according to the color bar. Abbreviations: AC, auditory cortex; DLPFC, dorso-lateral prefrontal cortex; IPS, intraparietal sulcus; MC, motor cortex;

PFC, prefrontal cortex; PPC, posterior parietal cortex; RS, rolandic sulcus; SF, Sylvian fissure; SFS, superior frontal sulcus; SMA, supplementary

motor area; STS, superior temporal sulcus. Reprinted, with permission, from [31��].
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data-driven method that combines spatial ICA with

reconstructions of the cortex (Figure 3; [56]).

The hypothesis that early and late clusters in the PPC

participate in different stages of the task was confirmed

by a trial-by-trial analysis of correlations between RT

and the onset latency, width and amplitude of the HRs

in the activated brain regions [31��] and by a subse-

quent study using repetitive transcranial magnetic sti-

mulation (rTMS) [57]. In this latter study, significantly

slower RTs were observed when the right, but not the

left, PPC was transiently suppressed by an rTMS coil.

These results support the interpretation of a ‘weak’ left

hemispheric specialization in the PPC for generating

mental images and ‘strong’ right hemispheric speciali-

zation in the PPC for subsequent spatial analysis of

these images.

Conclusions
Despite remaining physiological uncertainties, fMRI-

based mental chronometry is a viable approach to detect

information about the neural substrate of sequentially

operating subcomponents in complex cognitive tasks.

The achievable temporal resolution is in the order of a

few hundred milliseconds. To investigate spatio-tem-

poral brain processes with higher resolution, a combina-

tion of fMRI and EEG or MEG seems to be the most

promising approach at present. Unfortunately, relating

fMRI and EEG or MEG to each other in an integrated

statistical model is very difficult. Time-resolved fMRI

does not suffer from these problems and allows measure-

ments of brain activity with good spatial and, for many

questions, acceptable temporal resolution.

An important additional approach to mental chronometry

seems to be the combination of time-resolved fMRI with

stimulus time-locked single-pulse TMS [58]. The latter

technique enables spatio-temporal hypotheses derived

from fMRI-based mental chronometry studies to be

tested directly by interrupting processing in specific brain

regions at precise moments in time.

fMRI-based mental chronometry can provide a new

type of information that goes beyond the identification

of co-activated brain regions during a cognitive task.

Using this approach, cognitive neuroscientists will be

able to differentiate the contribution of activated regions

to the specific processing stages required to perform a

task and to link together cognition, behavior and brain

activity.
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