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Measuring Memory-Prediction Errors and their Consequences in Youth at Risk for
Schizophrenia
Richard SE Keefe,1,2PhD, Michael S Kraus,3MA

Abstract
The largely consistent columnar circuitry observed throughout the cortex may serve to
continuously predict bottom-up activation based on invariant memories. This “memory-prediction”
function is essential to efficient and accurate perception. Many of the defined cognitive deficits
associated with schizophrenia suggest a breakdown of memory-prediction function. As deficits
in memory-prediction function are proposed to lie more proximal to the biological causes of
schizophrenia than deficits in standard cognitive constructs, tests that more directly probe
memory-prediction function may be especially sensitive predictors of conversion in individuals
at high-risk for schizophrenia. In this article, we review the conceptual basis for this hypothesis,
and outline how it may be tested with specific cognitive paradigms. The accurate identification
of cognitive processes that precede the onset of psychosis will not only be useful for clinicians to
predict which young people are at greatest risk for schizophrenia, but will also help determine
the neurobiology of psychosis onset, thus leading to new and effective treatments for preventing
schizophrenia and other psychoses.
Ann Acad Med Singapore 2009;38:414-9
Key words: Cognition, Cortical circuitry, Psychosis, Schizophrenia, Ultra high-risk

Introduction
Despite the common experience of the world as mostly
stable and meaningful, the human nervous system
continuously engages with a vast array of ambiguous and
constantly changing sensory signals. To organise coherent
percepts from the fragmented and unstable sensory signals
that constitute experience, and to allow for coordinated
interaction with the world that these signals represent, the
human nervous system must fill in the gaps of sensation,
generalise across observations, prioritise stimuli for indepth processing, and make immediate judgments regarding
the meaning of sensory input. The memory-prediction
model of cortical function posits that a uniform columnar
circuitry throughout the cortex underpins a common
algorithm that emphasizes the consistent aspects of
experience in memory storage and uses these learned
consistencies to make ongoing predictions about bottomup stimulation across the cortical hierarchy, thus stabilising
perception. A recent review suggests that impairments in
memory-prediction function may constitute the primary
cognitive deficit associated with schizophrenia and may
underlie the development of hallucinations and delusions.1
1
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Here we will briefly review the memory-prediction model
and argue that anatomical abnormalities and cognitive
deficits associated with schizophrenia suggest widespread
and early disruption of the circuitry underlying memoryprediction function. We will also propose that a series of
neurocognitive tests described herein which measure these
processes may exhibit strong predictive power for later
onset of psychosis.
The Memory-Prediction Model of Cortical Function
Although perception has typically been viewed as the
result of a bottom-up reconstruction of sensory input,
perceptual processes do not simply involve the reproduction
of stimuli that impinge upon the sensory receptors, but
instead involve far more efficient and adaptive systems of
inferring meaning by matching fragmented sensory input
to a construct that serves as a working model of the world.2
Mounting behavioural and physiological evidence suggests
that a primary function of the human brain is to encode
memories that emphasise the consistent aspects of
experience and to use the sum of these “invariant” memories
to continuously predict the next moment of experience.1
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Across multiple sensory systems, neuronal activity in the
upper levels of the cortical hierarchy is found to reflect
increasingly abstract stimulus properties and to be unaffected
by minor deviations.3-5 Similarly, throughout the cortex,
cells are found to fire in anticipation of pain, visual
stimulation, self-generated body movement and body
movements of other people.6-9 Continuous prediction based
on invariant memories allows regularities in past experience
to fill in the missing gaps of imperfect sensation and to
facilitate efficient interaction with a complex and constantly
changing external world.10,11 For example, because of our
past experiences with stop signs, we are not confused by
deviations from the archetypal stop sign; even if the lower
left corner of the sign is bent and the “OP” is obscured by
a tree branch, we immediately recognise the symbol and
step on the brake. Thus, memory-prediction processes are
thought to bring a large degree of ease and automaticity to
perception.
A recent extension of theories of cortical brain function
postulates that the hierarchical structure12 and consistent
columnar architecture13 seen throughout the cortex underlie
the generation of predictive signals and the memories that
guide them.14-16 The memory-prediction model of cortical
function posits that the central algorithm of the cortical
column serves to form predictions of impending bottom-up
activation based on patterns of activity in top-down,
horizontal and thalamic loop input to the column. Roughly,
these inputs to the column represent: a broad view of the
current situation (top-down inputs), the previous moment
of experience (thalamic loop connections) and current
context (horizontal connections). Synapses from these
sources that are reliably activated prior to bottom-up
activation are strengthened through the Hebbian processes
of “what fires together, wires together;” this strengthening
constitutes memory. Eventually, these synapses are fortified
sufficiently for top-down and thalamocortical loop signals
to drive activity in layers 2, 3 and 5, partially activating
columns prior to full activation from bottom-up signals.
The overlap in particular columns of top-down activation
from invariant memories (the “hypothesis” of the larger
picture being experienced) and thalamocortical activation
conveying specific information about the last moment of
experience constitutes a prediction regarding impending
bottom-up stimulation.
Figure 1 outlines the basic elements of the circuitry
involved in generating predictions based on invariant
memories and current context, using an area of auditory
cortex that processes pitch information as an example. A
familiar tune sung by an unfamiliar singer is recognisable
because the memory of the song is invariant to the actual
tones sung. For instance, if one has repeatedly heard Paul
McCartney sing “Let it Be” in the key of C, “Let it Be” sung
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Fig. 1. Columnar circuitry underlying memory-prediction processes.
Columns in this hypothetical section of auditory cortex are tuned to specific
musical intervals. The circuitry in this area of cortex allows for prediction of
the specific upcoming note of a familiar song, even when this song is played
in a different key than previously experienced. 1. Layer 6 cells in a higher
cortical region project an invariant “hypothesis” of the identity of the song (or
musical phrase) broadly throughout layer one of this area of cortex. 2.
Information regarding the last musical interval experienced is communicated
broadly throughout layer 1 via thalmocortical loop input. Cells in layers 2 and
3 have extensive dendritic arbors in layer 1 and learn to anticipate the next
musical interval based on the invariant hypothesis and last interval experienced.
This initial prediction is invariant to the specific notes involved. Thus, in this
example, all columns representing the interval of a fourth are primed
(indicated by 45 degree hatch). 3. Bottom-up input to layer 4 signals the
specific current note, activating all columns with “C” as the first tone in the
interval (indicated by 315 degree hatch). Processing of this information is
facilitated by accurate prediction that primed this column for bottom-up
stimulation. 4. The convergence of the invariant prediction of a 4th and
bottom-up signal representing the note C create a specific prediction that the
next note will be an F (indicated by cross-hatch). This prediction is
communicated broadly to layer 1 of the lower cortical area by the diffuse
projection from the output cell in layer 6.

in the key of F by another singer will be easily identified as
the same song. It is hypothesized that within the cortical
hierarchy processing pitch information lies an area of
cortex with columns representing specific musical intervals.
This area receives a top-down “hypothesis” regarding the
identity of the musical phrase that is currently being
experienced. In our example, the hypothesis might roughly
correspond to “the beginning of Let it Be.” This area of
cortex has previously learned the pattern of intervals to
expect when this musical phrase is experienced (unison,
unison, unison, ascending major 2nd, descending perfect 4th,
ascending major 3rd, unison, ascending perfect 4th, ascending
major 2nd). Therefore, columns representing these tonal
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intervals are partially activated by the top-down hypothesis.
Information regarding the last musical interval experienced
is communicated broadly to this area of cortex by the
thalmocortical loop circuit, partially activating columns
corresponding to the next expected interval. The overlap at
any given time of the top-down hypothesis (the “name” of
the musical phrase) with the specifics of prior activation in
that area (where we are within the phrase) forms a prediction.
In this example, after hearing the first 7 intervals that begin
the melody of “Let it Be,” all columns corresponding to
perfect fourths become partially activated in anticipation
of bottom-up stimulation. Bottom-up stimulation indicating
that a “C” was just heard arrives in layer 4. The overlap of
the predicted interval with the bottom-up information
regarding the specific identity of the first tone in the
interval generates a prediction regarding the next specific
tone, which is communicated to lower level cortical levels
via layer 6 neurons. Thus, this circuitry is capable of
translating invariant memories into specific predictions
based on current context.
This circuitry underlying memory-prediction processes
allows for the efficient use of cortical resources. If bottomup stimulation conforms to prediction, a steady signal is
transmitted to higher cortical areas indicating this
compliance. If, however, bottom-up stimulation deviates
significantly from prediction, the steady-state signal is
halted and the details of experience are transmitted up the
hierarchy via thalamocortical pathways. Because minor
deviations from expectation are ignored, each cortical area
tends to pigeonhole its translation of input to previously
established categories of output and signals become more
invariant to low level changes in stimulus properties as the
cortical hierarchy is climbed. These invariant signals form
the basis for the invariant memories upon which future
experience is interpreted. Thus these memory-prediction
processes constitute an elegant and automatic system by
which familiar stimuli are efficiently processed by lower
level brain regions, unexpected stimuli are flagged for
more deliberate analysis by higher cortical areas and the
essential elements of experience are encoded into memory.
Impaired Memory-prediction Function in
Schizophrenia
At the core of schizophrenia is a series of cognitive
impairments17 that exist prior to the onset of an acute
psychotic episode.18-20 However, it remains unclear which
aspects of cognitive failure are most strongly associated
with the core of the psychotic illness. The surprising lack
of correlation between the severity of cognitive impairment
and positive symptom severity21 brings into question current
conceptualizations of cognitive impairment in
schizophrenia. Furthermore, while cognitive impairment
is viewed as a risk factor for schizophrenia, there is little

current understanding about what aspects of cognitive
dysfunction precede psychotic symptoms. We propose that
a breakdown in the neural circuitry underlying the formation
of invariant representations and the unfolding of predictions
from these stored invariant memories places young people
at very high risk for schizophrenia.
Histological examination of post-mortem brain tissue
from schizophrenic individuals has revealed an abnormal
cytoarchitecture throughout much of the cerebral cortex,
marked by decreased neuropil, synaptic density and disarray
of neuronal location, findings particularly prominent in
layers II and III.22 Cortical thinning has also been observed
in prodromal patients who subsequently converted to
psychosis.23 As discussed above, layers II and III sit at a
crossroads between bottom-up signaling and top-down
contextual predictions and are crucial for detecting patterns
in experience that later serve to shape future thought and
perception. While some of these alterations appear to be
present from birth (such as defects in neuronal migration),
others may reflect state dependent alterations (such as
changes in neuromodulatory levels).
Although such widespread disruption of cortical
architecture would be expected to have wide-ranging effects
on cognition, memory-prediction function may be most
directly affected. Indeed, considerable evidence suggests
that prediction based on invariant memories is disturbed in
schizophrenia.1 Deficits in smooth pursuit eye tracking are
largely due to impairments in extra retinal predictive
mechanisms used to set pursuit gain.24-26 Strikingly, when
a pursuit target changes directions unpredictably,
schizophrenic patients maintain tracking better during the
brief period around the change than do healthy controls.27
Similarly, deficits in physiological responses to deviant
stimuli, including MMN and P300 responses, suggest
impairment of both pre-attentive and attentive systems of
experience-dependent learning.28,29
The breakdown of memory-prediction function in
schizophrenia is apparent in the difficulty individuals with
schizophrenia display in interpreting suboptimal stimuli.
Schizophrenia patients are impaired in their ability to
identify incomplete images of common objects, suggesting
a failure of top-down hypotheses to guide perceptual
completion.30,31 Similarly, schizophrenia patients are
impaired in their ability to use the redundancy inherent in
speech to meaningfully fill in missing gaps in a standard
passage subjected to deletion of every 5th word32 and
compared to healthy controls, patients exhibit less of a
decrease in the N400 peaks to semantically primed words
compared to unprimed words.33 In patients, the amplitude
of the N400 to a word following a related prime correlates
with positive psychotic symptoms, supporting the notion
that deficits in memory-prediction underlie psychosis.
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The analysis of faces is a particularly important perceptual
skill and one with which individuals with schizophrenia
struggle. Superficial differences between photographs of
identical faces, such as lighting conditions and visual
angle, more greatly hamper the ability of schizophrenia
patients versus healthy controls to match a target face to a
selection of 6 sample faces in the Benton task,34-36 suggesting
an abnormally greater influence of lower level visual
properties compared to invariant predictions in face
processing in schizophrenia. A decreased influence of
invariant memory on perception of human faces is evident
in the Binocular Depth Inversion Test (BDIT), in which the
images presented to each eye using a stereoscope are
reversed, creating a “hollow” face. While a lifetime of
experience with convex faces predisposes healthy controls
to invert the image, schizophrenia patients are more likely
to perceive the veridical “hollow” face (Emrich 1989).
Scores on this binocular depth inversion test correlate with
the severity of symptoms (Schneider, Borsutzky et al
2002), indicating a more direct relationship with
symptomology than more standard tests of cognition.
Use of Tests of Memory-prediction in UHR Studies
Intervention prior to the time that an individual experiences
his or her first psychotic episode may offer the best chance
for a positive treatment outcome.37,38 However, while some
reports have suggested that behavioural, pharmacologic or
combination treatments39, 40 may reduce the risk of psychosis,
this work has been hampered by the weak positive predictive
value of the identification of individuals at true risk.41
Recent work has focused on improving this predictive
value by supplementing current prodromal symptom criteria
for ultra high risk individuals with neurocognitive
measures.42 Among individuals who are at high-risk for
psychotic disorders, those who go on to develop
schizophrenia have greater cognitive impairment than those
who do not develop the illness.19,43 However, many of these
cognitive assessments utilise off-the-shelf cognitive
measures that were designed for measuring intelligence or
brain damage, and have little direct relationship to
schizophrenia. Methodologies investigating the specific
cognitive and neurobiological processes that may underlie
and possibly precede the conversion to psychosis are likely
to yield greater risk prediction specificity. We propose that
both permanent (trait) and transitory (state) perturbations
of the circuitry underlying memory-prediction function
may contribute to risk for developing schizophrenia and
thus early detection of risk may be more successful with
tasks specifically designed to test memory-prediction
function.
We hypothesize that unhealthy development of the neural
circuitry that encodes invariant representations and predicts
bottom-up activation based on the convergence of top-
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down, invariant hypotheses and current context may lead to
abnormalities of perception, cognition and belief, as well
as the tendency to highlight irrelevant information as
important.44,45 Patients with schizophrenia may ascribe
great meaning to relatively mundane perceptions and may
misunderstand the relevance of highly meaningful events
or stimuli. Many of the psychotic experiences of
schizophrenia can be seen as being precipitated by this type
of cognitive impairment.44,46 Therefore, cognitive tests that
measure memory-prediction function may be especially
sensitive predictors of conversion to psychosis. Four such
tests are described below:
(i) Binocular Depth Inversion
As discussed above, binocular depth inversion frequently
occurs when viewing “hollow” versions of common objects
created by switching the images typically viewed by each
eye and is especially prevalent when viewing hollow
faces.47 Since the memory of the structure of human faces
is invariant in humans, this illusory perception reflects the
process by which top-down memory-based predictions
override bottom-up sensory information of unlikely
stimuli.48 When viewing hollow presentations of common
visual objects, patients with schizophrenia more frequently
report perceiving the veridical convex stimuli than do
control subjects. Individuals who meet criteria for being at
risk for psychosis received binocular depth inversion test
(BDIT) scores that were higher (more abnormal) than
healthy controls, but not as high as patients with
schizophrenia.49 The specificity of this result to subjects at
risk for schizophrenia further suggests that the BDIT may
be of value in detection of conversion in high-risk
populations.50
(ii) Perceptual Closure
Objects in the environment are often partially obscured
by other overlapping stimuli, yet the human visual system
demonstrates a remarkable ability to identify objects from
these fragmented sensory inputs. Functional imaging studies
indicate that both low level visual areas51 and high level
visual areas52 respond similarly to partially occluded objects
and their unoccluded counterparts. According to the
memory-prediction model, normal maintenance of invariant
representations enables an efficient identification of objects
with very little information. However, as discussed above,
when presented with fragmented line drawings of common
objects in a stepwise fashion (whereby each successive
presentation of a given stimulus is more complete),
individuals with schizophrenia require more complete
stimuli before they are able to recognise the figures. As the
visual closure task offers a direct measure of the process by
which invariant representations affect current perception,
it may be especially sensitive to changes that occur early in
the conversion to psychosis.
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(iii) Learned Irrelevance
Pre-exposure to a conditioned stimulus in the absence of
an unconditioned stimulus inhibits conditioning when the
stimuli are subsequently paired, a phenomenon termed
latent inhibition. This paradigm tests the viability of the
memory-prediction system in that the development of
memories for what is relevant and what is irrelevant helps
perceptual systems identify which percepts require attention
to more successfully interact with the world. Latent
inhibition is decreased in unmedicated and/or acute
schizophrenia patients,53 suggesting that past regularities
of experience exhibit weakened influence on current
perception and behavior.54 Additionally, strong correlations
between assessments of schizotypal traits and degree of
latent inhibition in the general population indicate that
latent inhibition is a sensitive measure in sub-clinical
populations.55 Traditional latent inhibition paradigms are
designed for between-subject studies and are not easily
amenable to repeated measures within subjects. However,
a related paradigm termed learned irrelevance, in which
the conditioned and unconditioned stimuli are presented
together in an unpredictable fashion during the pre-exposure
phase, has demonstrated comparable results to the latent
inhibition literature56,57 and is amenable to repeated
measurements in a within-patient design.58 This measure
may thus be ideal for longitudinal testing of subjects at-risk
for psychosis to determine if changes in their ability to
gauge the salience of stimuli precedes the onset of psychotic
symptoms.
(iv) Spurious Messages from Noise
Auditory hallucinations are one of the most frequent
symptoms of early psychosis. When presented with multispeaker babble consisting of 12 independent streams of
speech and given the task of repeating any words or phases
that they perceive, patients with early phase psychosis
report longer word strings than healthy controls or more
chronic schizophrenia patients.59 As discussed above,
deficits in memory-prediction function associated with
schizophrenia reduce the automaticity in which the world
is perceived and understood, thereby more heavily weighting
internally-generated interpretations of reality that then
colour perception. As memory-prediction function is
hypothesized to be impaired prior to the onset of frank
psychosis, the “babble” task may be sensitive to changes in
which meaning is assigned to ambiguous stimuli. In fact,
this task has recently provided pilot data suggesting that atrisk subjects who later convert to schizophrenia spectrum
disorders also report longer word strings in contrast to
subjects who fail to convert, suggesting a greater propensity
to increase the salience of illusory auditory information
perceived from background noise.60

Summary and Conclusions
In this article, we have forwarded the hypotheses that
dysfunction of the memory-prediction system that underlies
efficient and accurate perception and thinking in humans
leads to the symptoms of schizophrenia. We have also
suggested that this dysfunction will manifest as cognitive
impairments on specific tests of memory-prediction
functions in young people who are likely to develop
schizophrenia. Longitudinal study of youth at risk for
schizophrenia will help not only to determine the accuracy
of these tests to predict psychosis, but will also help
determine the neurobiology of psychosis onset, thus leading
to new and effective treatments for preventing schizophrenia
and other psychoses.
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