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Abstract

Procedural learning (PL) is a type of rule-based learning in which performance facilitation occurs with practice on task

without the need for conscious awareness. Schizophrenic patients have often (though not invariably) been found to show

impaired PL. We performed functional magnetic resonance imaging (fMRI) during a blocked, periodic sequence-learning task

with groups of: (i) healthy subjects, and (ii) schizophrenic patients on conventional antipsychotics. Healthy subjects showed

significant PL, but patients did not. In healthy subjects, PL was associated with increased activation in the striatum, thalamus,

cerebellum, precuneus, medial frontal lobe, and cingulate gyrus. The power of activation in the thalamus, striatum, precuneus,

cingulate gyrus and BA 6 was related to the magnitude of PL in these subjects. No regions, except the anterior inferior gyrus,

were significantly activated in patients. The caudate nucleus, thalamus, precuneus, and sensorimotor regions were activated

significantly differently between the two groups. The findings demonstrate the involvement of the striatum, cerebellum,

thalamus, cingulate gyrus, precuneus, and sensorimotor regions in PL. Further fMRI studies of PL in normal subjects treated

with conventional antipsychotics, drug naı̈ve patients, and patients given atypical antipsychotics would help to clarify the roles

of schizophrenic disease processes and antipsychotic medication in impaired PL and associated brain abnormalities in

schizophrenia. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Procedural learning (PL) is a form of skill acquis-

ition in which learning occurs as a function of practice

on task, without the need for conscious awareness of

the learned skill or routine (Cohen and Squire, 1980;

Squire and Zola-Morgan, 1988). In normal subjects,

PL is found to be independent of intelligence (Feld-

man et al., 1995) and also of performance on tests of

declarative learning and memory, such as recall or

recognition in which performance depends on the

knowledge of facts and often correlates with intelli-

gence (Feldman et al., 1995). In clinical populations

such as patients with Huntington’s disease or cerebel-

lar disorder, PL deficits are not predicted by global

cognitive impairment or performance on tests of

declarative memory function (Doyon et al., 1997).

Supporting further the autonomy between PL and

declarative memory systems, patients with amnesia

show normal PL, but impaired declarative memory

(Cohen and Squire, 1980).

The functional neuroanatomy of PL has not been

fully established using functional resonance magnetic

imaging (fMRI). The brain structures thought to have

important roles to play in PL are the basal ganglia, in

particular the striatum, and the cerebellum (Doyon et

al., 1997; Grafton et al., 1995; Heindel et al., 1989;

Hikosaka et al., 1999; Knopman and Nissen, 1991;

Knowlton et al., 1996; Pascual-Leone et al., 1993).

The evidence for the involvement of basal ganglia,

striatum and cerebellum is provided by the observa-

tions of impaired PL using variants of the serial

reaction time task (SRT; involves learning of sequen-

ces) in patients with Parkinson’s disease (Doyon et al.,

1997; Pascual-Leone et al., 1993), Huntington’s dis-

ease (Knopman and Nissen, 1991; Willingham et al.,

1996) and with damage to the cerebellum (Doyon et

al., 1997; Gomez-Beldarrain et al., 1998; Molinari et

al., 1997; Pascual-Leone et al., 1993).

The frontal cortex has also been proposed (Seger,

1994) and shown to be an important component of

the circuit subserving PL (Jenkins et al., 1994;

Doyon et al., 1996; Honda et al., 1998); both the

striatum (Alexander and Crutcher, 1990) and the

cerebellum (Schmahmann, 1991) project to the fron-

tal lobe via the thalamus. Patients with prefrontal

lesions show impaired PL on the SRT (Gomez-

Beldarrain et al., 1999). An association between

rapid skill acquisition on the pursuit rotor task and

regional cerebral blood flow, assessed using positron

emission tomography (PET), in premotor, prefrontal

and cingulate regions has also been found (Grafton

et al., 1994).

We investigated the neural correlates of PL in

healthy subjects and schizophrenic patients using

whole brain fMRI and a relatively simple non-verbal

task. There have been previous attempts to inves-

tigate PL in schizophrenia. One difficulty, however,

in evaluating PL performance in schizophrenia is

that previous studies have measured it with different

tasks (review, Green et al., 1997). In general, there

are more studies reporting intact PL (Clare et al.,

1993; Goldberg et al., 1993; Granholm et al., 1993)

than those reporting impaired PL using the pursuit

rotor task (Schwartz et al., 1996) in this population.

Studies using the Tower of Hanoi have shown that

patients initially have difficulty on this task and may

not show the same rate of improvements as seen in

healthy subjects (Goldberg et al., 1990). PL, as

indexed by mirror drawing performance, has been

found to be relatively intact in drug-naı̈ve and

clozapine-treated patients, compared to those treated

with conventional antipsychotic drugs (Bedard et al.,

1996, 2000). The learning of sequences on the SRT

has been found to be impaired in schizophrenic

patients (Green et al., 1997; Kern et al., 1998).

The neuroanatomical or neurochemical basis of im-

paired PL in schizophrenia is not clear. Differences

in the results of studies of PL in schizophrenia may

be due to the measure of PL employed. The tasks

differ considerably in terms of inherent complexity

and the involvement of motoric and cognitive pro-

cesses. Thus, they are likely to differ also in the

involvement of specific brain regions in the execu-

tion and/or their sensitivity to pharmacological treat-

ments.

This study, to our knowledge, is the first to explore

the neural correlates of PL in schizophrenia. Based on

previous studies in clinical populations and PET

studies in normal subjects (see above), the striatum

(mainly caudate nucleus), thalamus, cerebellum and

frontal regions were expected to be activated in

association with PL in normal subjects. Patients were

hypothesized to show impaired PL and, if so, a lack of

or altered activation in regions associated with PL in

healthy subjects.
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2. Methods

2.1. Subjects

Six healthy subjects and six patients with schizo-

phrenia (all right handed, males) participated as sub-

jects. Healthy subjects (mean age = 31.83 years,

SD = 4.88) were screened for a history of mental

illness, anorexia, drug and alcohol abuse, regular

medical prescription, and presence of psychosis in

their first-degree relatives via a semi-structured inter-

view. Patients (mean age = 34.67 years, SD = 4.41)

were diagnosed as having paranoid schizophrenia by

a psychiatrist using the Structured Clinical Interview

for DSM-IV (SCID) (First et al., 1995). Four patients

were Caucasian and two were Afro-Caribbean. One

patient had a past history of alcohol and substance

abuse, but all patients were free from alcohol and

substance abuse for at least 1 year prior to taking part

in this study. Only one patient was on regular anti-

cholinergic medication (procyclidine, 10 mg/daily).

No patient scored more than 0 on the Barnes Akathisia

Scale (Barnes, 1989). On average, they had 13 years of

education and had been ill for 10.5 years (range: 2–19

years). Their symptoms were rated using the positive

and negative syndrome scale (PANSS) (Kay et al.,

1987; mean positive symptoms = 9.50, SD = 4.18; neg-

ative symptoms = 11.33, 3.67; general psychopathol-

ogy = 22.50, 6.19). All patients were on conventional

antipsychotics (mean medication dose as chlorproma-

zine equivalents = 410.17 mg, SD= 298.88) for at least

6 months prior to their fMRI scans.

The study was approved by the Institute of Psy-

chiatry (Research) Ethical Committee. Written

informed consent was obtained from all subjects after

the experimental procedures had been explained to

them.

2.2. Experimental design and procedure

All subjects performed a 5-min sequence learning

task in a blocked periodic AB design; this was a

modified version of the task used in our previous

pharmacological study (Kumari et al., 1997) while

undergoing fMRI. The task consisted of two 30-s

alternating conditions: blocks of random trials (OFF,

control condition) and blocks of pattern trials (ON,

experimental condition). In total, there were five

blocks of random trials and five blocks of pattern

trials. Subjects were presented with a white target

stimulus (an asterisk) on a black screen, viewed via a

prismatic mirror fitted in the radiofrequency head

coil, as they lay in the scanner. This target moved

between four locations on the screen, which was

divided into four equal quadrants by two intersecting

white lines. The target movements during the pattern

trials were predictable for 75% of cases, i.e. deter-

mined following three specific rules: (1) a horizontal

target movement was followed by a vertical target

movement; (2) a vertical target movement was fol-

lowed by a diagonal target movement; (3) a diagonal

target movement was followed by a horizontal move-

ment. The fourth movement of the target during the

pattern trials was unpredictable, which then was

followed by the above mentioned three specific rules

(see Fig. 1).

Subjects were not told of the existence of specific

rules governing the target movements during the

pattern blocks, and the beginning of random and

pattern blocks was not marked in any way. Subjects

were asked to follow each target movement with their

right hand as fast as possible using an MR compatible

key pad with four keys, each key corresponding to

one of the four quadrants. The movement of the target

was initiated by the subjects’ touching the target key.

Reaction times were recorded on-line.

Prior to scanning, all subjects underwent a practice

session during which they practiced on five 30-s

blocks of random trials and five 30-s blocks of pattern

trials, both alternated with 30-s rest periods. It was felt

that patients would require exposure to the task and

the button pad prior to being exposed them in the

scanner. The practice session was identical for both

patients and healthy subjects.

2.3. Image acquisition

Echoplanar MR brain images were acquired using

a 1.5-T GE Signa system (General Electric, Milwau-

kee WI, USA) fitted with Advanced NMR hardware

and software (ANMR, Woburn MA, USA) at the

Maudsley Hospital, London. Daily quality assurance

was carried out to ensure high signal to ghost ratio,

consistent high signal to noise ratio and excellent

temporal stability using an automated quality control

procedure (Simmons et al., 1999). A quadrature bird-
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cage head coil was used for RF transmission and

reception. In each of 14 near-axial non-contiguous

planes parallel to the inter-commissural (AC-PC)

plane, 100 T2*-weighted MR images depicting

blood-oxygenation-level-dependent (BOLD) contrast

(Ogawa et al., 1990) were acquired over the 5-min

experiment with echo time (TE) = 40 ms, repetition

time (TR) = 3 s, in-plane resolution = 3.1 mm, slice

thickness = 7.0 mm, interslice gap = 0.7 mm. Head

movement was limited by foam padding within the

head coil and a restraining band across the forehead.

In the same session, a 43-slice, high resolution inver-

sion recovery echoplanar image of the whole brain

was acquired in the AC-PC plane with TE = 80 ms,

TI = 180 ms, TR = 16 s, in-plane resolution = 1.5 mm,

slice thickness = 3.0 mm, interslice gap = 0.3 mm.

2.4. Data analyses

2.4.1. Behavioural measures

The difference between the mean reaction times to

random and pattern trials represented the amount of

PL. These data were analysed by a three-way Group

(normal subjects, patients)�Trial Type (Random,

Pattern)�Block (five 30-s blocks of Random and

Pattern Trials) analysis of variance.

2.4.2. Image analysis

Following correction of movement related effects

(Bullmore et al., 1999a), the power of periodic signal

change at the (fundamental) OFF–ON frequency of

stimulation was estimated by iterated least squares

fitting a sinusoidal regression model to the time

series at each voxel of all images. The fundamental

power quotient (FPQ= sinusoidal power at funda-

mental frequency divided by its standard error) was

estimated at each voxel and represented in a para-

metric map (Bullmore et al., 1996). After these

power maps had been transformed to standard space

(Talairach and Tournoux, 1988) and smoothed by a

2D Gaussian filter (FWHM=7 mm), generic brain

activation maps identifying intracerebral voxels with

large median power of activation over all subjects in

each group were constructed by a permutation test

procedure (Brammer et al., 1997); voxel-wise one-

tailed probability of type 1 error p < 0.005. Between-

group differences in mean power of response were

estimated at each voxel by fitting a one-way analysis

of covariance model (with global power of response

as a covariate) to generate a map of the main effect

of group at each voxel. This map was thresholded to

generate a set of spatially contiguous 3D clusters of

suprathreshold voxel statistics and the sum of each

Fig. 1. An illustration of pattern trial rules.
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3D cluster was tested against its non-parametrically

ascertained null distribution (Bullmore et al., 1999b);

cluster-wise one-tailed p < 0.001. The same inferen-

tial approach was used to identify voxels where there

was a significant association between PL scores and

power of activation in the group of normal subjects;

although in this case the linear model was a simple

regression of PL scores on power of response at each

voxel. The general advantages of using computa-

tional inference to test null hypotheses about spatial

statistics in brain imaging are rehearsed in Bullmore

et al. (1999b). Briefly, spatial statistics are generally

more sensitive and involve a smaller number of tests

than voxel statistics, but their theoretical distributions

under the null hypothesis may be over-conservative

or intractable.

3. Results

3.1. Behavioral measures

Healthy subjects showed significant PL, but schiz-

ophrenic patients, as expected, did not (Group�Trial

Type: Group: F = 5.63, df = 1.10, p = 0.04). There was

no significant difference between patients and healthy

controls for reaction times over the random trials,

suggesting that patients did not show a generalized

Fig. 2. Mean (+ 1 S.E.M.) reaction times (ms) over random (R1–R5; blocks 1 to 5 of random trials) and pattern trials (P1–P5; Blocks 1 to 5 of

pattern trials) in healthy subjects and patients with schizophrenia.

Fig. 3. Mean (+ 1 S.E.M.) procedural learning scores (ms) in healthy subjects and patients with schizophrenia.
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performance deficit. Fig. 2 shows reaction times to

pattern trials and random trials, and Fig. 3 shows the

PL scores (mean reaction times to random trials minus

mean reaction times to pattern trials) in normal and

schizophrenic subjects. The data obtained during the

first block (30-s OFF and 30-s ON) of trials demon-

strated that normal subjects, but not patients, were

able to gain from the practice session as they showed

evidence of learning in the very first block of trials

(Fig. 2). This, however, was not evident from the data

(not shown) obtained during the practice session itself

in healthy subjects.

3.2. Functional MRI

3.2.1. Generic brain activation mapping

The ON condition (pattern trials), in contrast to the

OFF condition (random trials), elicited significant

Fig. 4. Generic brain activation maps in healthy subjects (top row) and patients with schizophrenia (bottom row) during procedural learning.

Major regions of activation in normal subjects are demonstrated in the striatum, thalamus, cingulate gyrus, insula and cerebellum (z-coordinates

below each image). There is a lack of activation in patients. Images are left-right reversed.
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activation in healthy subjects (search volume = 21,695;

expected number of false positives = 20) mainly in

Brodmann’s area (BA) 24 and 32, striatum (caudate

nucleus), thalamus, insula, and cerebellum, but not in

patients (search volume = 17,749; expected number of

false positives = 20) (Fig. 4). Table 1 presents the

coordinates and magnitudes of all main activated

regions in healthy subjects as well as in patients.

3.2.2. Differential activation in normal subjects and

patients

We observed significant differences (total number

of clusters in permutation distribution using 10 per-

mutations = 1468, expected number of false posi-

tives = 1) between healthy subjects and patients in

the thalamus, caudate nucleus and precuneus, with

an additional focus now evident in the left sensor-

Fig. 5. Images demonstrating group difference between healthy subjects and patients in the thalamus (x, y, z: � 10,� 22,8; no. of voxels = 18),

striatum (� 16,� 34,20; no. of voxels = 72), precuneus (� 23,� 51,32; no. of voxels = 60) and sensorimotor regions (� 50,� 33,55; no. of

voxels = 92) (z-coordinates below each image), all left hemisphere.

Table 1

Main regions of activation in healthy subjects and patients with schizophrenia

Brodmann’s area/region Talaraich coordinates Side Number of voxels

x y z

Normal subjects

32/Medial frontal lobe � 3 19 31 Left 49

32/Medial frontal lobe 9 50 9 Right 82

24/32/Medial frontal lobe 20 25 20 Right 19

24/Anterior-middle cingulate gyrus 0 33 4 Right 39

24/Anterior-middle cingulate gyrus � 3 19 26 Left 39

Insula � 35 11 9 Left 118

Insula 46 � 8 15 Right 16

Striatum (caudate nucleus) � 6 � 17 20 Left 17

Striatum (caudate nucleus) 14 � 3 20 Right 11

Cerebellum � 29 � 64 � 18 Left 26

Thalamus � 3 � 6 9 Left 16

Thalamus 6 � 19 4 Right 10

45/Inferior frontal gyrus � 46 14 20 Left 45

10/Superior frontal gyrus � 14 56 4 Left 26

Patients

45/Inferior frontal gyrus � 40 11 20 Left 45
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imotor region (see Fig. 5 for the coordinates and

magnitudes of these regions).

3.2.3. Regression of procedural learning scores on

power of activation in normal subjects

The regression of PL scores on power of activation

(total number of clusters in permutation distribution

using 10permutations = 1214, expected number of false

positives = 0) demonstrated that cerebral responses in

the thalamus, striatum, precuneus, cingulate gyrus and

BA 6 were related to PL magnitude in normal subjects

(Fig. 6).

4. Discussion

Our findings are consistent with the previous

literature in showing involvement of the striatum,

cerebellum, thalamus, frontal and sensorimotor

regions in PL in healthy subjects and, in addition,

suggest that the precuneus may also be involved. In

general, the association between the FPQ and PL

scores and, to a lesser extent, changed activation pat-

tern in the patient group and poor PL, strengthen the

inference that, in healthy subjects, activation in the

observed regions plays a causal role in PL.

Impaired PL in patients with Huntington’s disease

is thought to reflect a critical role of the striatum in this

type of learning because of the major and presumably

exclusive involvement of the caudate nucleus in this

disease (Bruyn, 1968). This notion is well supported

by our data. There have been suggestions of differ-

ential roles of the caudate nucleus and cerebellum in

PL (Pascual-Leone et al., 1993), as patients with

Parkinson’s disease are able to improve their PL

performance with a larger number of trials relative to

the number required by healthy people; patients with

cerebellar disorder fail to show such improvement.

The influence of basal ganglia structures, in particular

the caudate nucleus, on the prefrontal cortex is thought

to be required for the timely access of information to

and from a working memory buffer, whereas the

cerebellum is thought to tap and order events in the

time domain and be necessary for cognitive functions

involving sequences (Salmon and Butters, 1995).

Numerous observations in animals also indicate that

the cerebellum is an important structure responsible for

the procedural component of spatial event processing

and learning (Petrosini et al., 1998).

The involvement of frontal regions in PL may be,

as suggested earlier, via their connections to the basal

ganglia. Alternatively, these regions may be directly

involved in attention and error-checking mechanism

reflected in rapid learning (Grafton et al., 1994). Left

sensorimotor region (Fig. 5) and BA 6 (Fig. 6) were

also found to be associated with PL which would be

consistent with the increased right-handed motor

requirement in healthy subjects, given that the task

was dynamically paced, and would therefore respond

more frequently, due to greater learning.

There is evidence for the involvement of the

precuneus in the recall of visually guided saccades

and in the organization of saccade sequences from

memory (Berthoz, 1997), but not in spontaneous self-

Fig. 6. Images demonstrating brain regions associated with the amount of procedural learning in healthy subjects. The regions are striatum

(x,y, z: � 2,11,� 1; 16,26,8), thalamus (� 18,� 15,8), middle frontal lobe/anterior cingulate gyrus (� 7,� 36,28), posterior cingulate gyrus

(� 15,� 33,28) and BA 6 (� 14,� 7,50) (z-coordinates below each image). Images are left-right reverse.
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paced or imagined saccades in darkness (Berthoz,

1997; Lang et al., 1995; Petit et al., 1993). The

activation of the precuneus in normal subjects may,

therefore, reflect specifically the difference between

requirements for saccade generation in the control

(saccades made randomly following the target) and

experimental (organization of saccade sequence based

on previous learning) conditions of the task. Other

recent evidence supports direct precuneus association

with PL, in particular, with consolidation (Tamminga,

2000) or the late phase (Hikosaka et al., 1999) of PL.

Our current analysis of fMRI data (i.e. averaged

activation over the entire 5-min experiment) does

not shed light on activation patterns during early

(the first blocks of random versus pattern trials) and

relatively late (the last blocks of trials) phases of

learning.

Another aspect of the experiment deserving com-

ment is that all subjects had participated in a practice

session prior to scanning. The behavioural data

acquired during the very first block of random and

pattern trials suggest that healthy subjects may have

learnt the sequence during the practice session itself

even though the behavioural data acquired during this

session did not show this effect. It is thus possible that

this study identified brain regions associated with

recall, and not acquisition, of implicit knowledge

about the sequences. Further research with more

sophisticated analytic strategies and longer exposures

(e.g. with inclusion of the practice session and repeated

presentation of the task) is required to explore this

possibility. Further research could also use different

experimental designs to separate the reaction time (fine

motor) and sequence learning (cognitive) components,

the latter of which is more likely to involve higher

cortical brain regions. This could not be achieved in

this study because of the use of a standard box-car

design to acquire fMRI data.

The patients with schizophrenia included in this

study showed no evidence of PL and a lack of

activation in relevant brain regions. They had a low

level of symptoms and did not appear to suffer from

low motivation as judged on the basis of the reaction

times over random trials. Their performance deficits,

thus, cannot be attributed to non-specific effects, for

example, distracting effects of hallucinations or low

motivation. There are indications that conventional

antipsychotics, at least to some degree, may account

for PL deficits in schizophrenic patients, perhaps via

their strong dopamine D2 blocking actions in the

striatum. Increased severity of tardive dyskinesia (a

condition produced by medication with dopamine-

blockers) in schizophrenics has been found to be

associated with decreased motor procedural learning

and shortened caudate nucleus T-2 relaxation times,

using MRI (Granholm et al., 1993). Schizophrenic

patients on conventional antipsychotics (Bedard et

al., 1996) and normal volunteers treated with a

conventional antipsychotic drug, haloperidol (Kumari

et al., 1997), have also shown impaired PL. A num-

ber of recent studies (Bedard et al., 1996, 2000;

Purdon et al., 2000; but see Kern et al., 1998) have

reported an improvement on some measures of PL

with atypical antipsychotics in patients with schizo-

phrenia. It is thus possible that the lack of learning

and the lack of activation in striatal regions in the

patient group, as mentioned earlier, may be to some

degree due to the administration of conventional anti-

psychotics.

The present experiment, however, showed differ-

ences between the patients and controls not only in the

striatal region thought to be strongly associated with

the administration of conventional antipsychotics, but

also in thalamus, precuneus and sensorimotor regions.

It is thus equally likely that differences between the

patients and controls in striatal and thalamic regions

reflect an aspect of the schizophrenic process involv-

ing disturbances in striatal, thalamic and frontal

regions. Several studies have shown basal ganglia

abnormalities in patients with schizophrenia, even in

those with no prior exposure to antipsychotic treat-

ment (e.g. Rubin et al., 1991; Brier et al., 1992;

Buchsbaum et al., 1992). Furthermore, fronto-striatal

dysfunction is proposed by many researchers as the

underlying cause for symptoms of schizophrenia as

well as other abnormalities such as deficits in eye

movements and motor programming (e.g. Frith and

Done, 1988; Robbins, 1990; Gray et al., 1991, Pan-

telis et al., 1992). The lack of activation in patients in

the precuneus is perhaps explained by poor learning

and thus no consolidation of learning phase in the

patient group. Similarly, the lack of activation in the

left sensorimotor region may be due to the lower

number of responses made by patients as compared to

controls during the pattern trial phase because of poor

learning of sequences.
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To conclude, the findings of this study demonstra-

ted the involvement of the striatum, cerebellum, tha-

lamus, cingulate gyrus, precuneus, and sensorimotor

regions in PL. Schizophrenic patients had diminished

PL scores and showed a lack of activation in relevant

brain regions. The study, however, involved a small

number of patients with low symptoms, was limited to

male subjects only, and lacked adequate control groups

(i.e. no group of drug-free schizophrenics or schizo-

phrenics on atypical antipsychotics). Although the

study helps to identify the brain regions involved in

PL, it does not provide conclusive evidence whether

impaired PL in schizophrenia is the result of conven-

tional antipsychotics or reflects an aspect of the disease

process. Further fMRI studies of PL in: (i) healthy

subjects treated with conventional antipsychotics such

as haloperidol (this, however, may be difficult to

achieve for ethical reasons), (ii) drug-naı̈ve schizo-

phrenic patients, and (iii) schizophrenic patients

receiving atypical antipsychotic drugs which produce

less dopamine-blockade in the striatum would help to

clarify these issues.
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