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Abstract

Amnesic patients and control subjects
participated in a study of probabilistic
classification learning. In each of three
tasks, four different cues were each
probabilistically associated with one of two
outcomes. On each trial, the cues could
appear alone or in combination with other
cues and subjects selected the outcome they
thought was correct. Feedback was provided
after each trial. In each task, the amnesic
patients learned gradually to associate the
cues with the appropriate outcome at the
same rate as control subjects, improving
from 50% correct to ~65% correct.
Presumably because the cue-outcome
associations were probabilistic, declarative
memory for the outcomes of specific trials
was not as useful for performance as the
information gradually accrued across trials.
Nevertheless, declarative memory does
appear to make a contribution to
performance when training is extended
beyond ~50 trials, because with further
training control subjects eventually
outperformed the amnesic patients. It was
also demonstrated that performance on the
probabilistic classification task was not the
result of holding knowledge of cue-
outcome associations in short-term
memory, because both control subjects and
amnesic patients demonstrated significant
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savings when testing was interrupted by a
5.min delay (experiment 2). Probabilistic
classification learning appears to provide an
analog in human subjects for the habit
learning tasks that can be acquired
normally by animals with hippocampal -
lesions.

Introduction

In recent years there has emerged a great deal
of evidence for the existence of multiple memory
systems that depend on different brain regions
(Tulving 1991; Schacter et al. 1993; Squire et al.
1993). Some of the best evidence for this idea has
come from the study of amnesic patients, who
have sustained damage to the medial temporal
lobe or diencephalic regions. Despite their severe
impairment in memory for facts and events, amne-
sic patients are capable of normal learning of some
kinds of information (Squire 1987; Mayes 1988).
The kind of memory that is impaired, described as
declarative {or explicit), is available to conscious
recollection. The kind that is spared, described as
nondeclarative (or implicit), does not describe a
single memory system but, rather, a collection of
different memory abilities that are expressed
through performance without any necessary ac-
cess to conscious memory content.

Tasks of nondeclarative memory include sim-
ple classical conditioning, motor skill learning, and
priming. One striking finding is that the tasks that
can be acquired in amnesia are not limited to tasks
that depend primarily on sensory or motor abili-
ties. Tasks such as text-specific speeded reading,
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artificial grammar learning, and prototype abstrac-
tion can also be acquired normally by amnesic
patients { Musen et al. 1990; Knowlton et al. 1992;
Knowlton and Squire 1993, 1994).

Work with experimental animals has also
demonstrated dissociations between different
kinds of learning and memory abilities (Squire
1992). The important finding is that rats and mon-
keys with lesions of the hippocampus or related
structures fail some memory tasks, but they ex-
hibit fully intact performance on other tasks, inde-
pendently of the. sensory and motor abilities
needed to perform. For example, rats with fornix
lesions are able to learn normally which arms of a
radial arm maze are consistently baited (Packacd
et al. 1989). In addition, monkeys with medial
temporal lobe lesions are able to learn normally a
difficult pattern discrimination task (Zola-Morgan
and Squire 1984) and to learn nearly as well as
niormal animals a concurrent object discrimination
task in which only one trial is given each day (Mal-
amut et al. 1984). These preserved learning abili-
ties have been described collectively as habit
learning because animals can be said to acquire
predispositions to respond in a particular way to
stimuli (Mishkin et al. 1984). Stimuli become con-
nected to responses by reinforcement. This pro-
cess has :{lso been described as dispositional learn-
ing (Thomas 1984). One important characteristic
of habit learning is that information is acquired
gradually across many trials. In contrast, the type
of associative learning that is impaired after lesions
of the hippocampal region is specialized for rapid
acquisition, often in a single trial.

Does habit learning also describe a class of

nondeclarative learning abilities in human sub-
jects? Can humans learn associations between
stimuli and responses independently of the medial
temporal lobe and diencephalic brain regions? In
the case of habit learning, it has been unclear how
close a parallel can be drawn between humans and
experimental animals. The difficulty is that human
subjects can apparently depend on declarative
memory even when they are given the same tasks
that are used to test habit learning in animals. For
example, human amnesic patients were impaired
at the same 24-hr concurrent discrimination task
that monkeys with large medial temporal lobe le-
sions readily learn (Squire et al. 1988). This differ-
ence probably resulted because humans and ani-
mals approach the task differently. Monkeys learn
the discriminations gradually as habits, because
the 24-hr interval between trials is too long for

them to bridge easily using declarative memory. In
contrast, human subjects attempt to remember ex-
plicitly which objects have been rewarded from
trial to trial, with the result that normal subjects
perform better than amnesic patients. The idea is
that declarative memory is dominant in humans,
and humans may engage their declarative memory
in a wider range of situations than do other ani-
mals.

To determine whether human subjects can ac-
complish habit learning independently of declara-
tive memory, amnesic patients should be given a
task that is difficult to approach with a declarative
learning strategy. One possible way to discourage
the use of declarative memory would be to test
concurrent discrimination learning using an inter-
trial interval longer than 1 day. Another possibility
would be to make the associations to be learned
less obvious, that is, less memorizable. In this
study we have taken the latter approach by asking
subjects to learn probabilistic associations. Be-
cause the associations berween stimuli and re-
sponses are probabilistic, information from 2 sin-
gle wial is not reliable and therefore not as rele-
vant as information accrued across many trials. If
probabilistic classification learning in humans is
analogous to habit learning in experimental ani-

‘mals, then one would expect that amnesic patients

should perform normally.

Probabilistic learning has been studied exten-
sively in humans and animals since the 1950s
(Estes 1972, 1991). In a typical probabilistic learn-
ing task, stimuli are associated with responses with
fixed probabilities. An indication that subjects
have learned the probabilities is that they will of-
ten “probability match”, that is, they will make a
particular response with the same probability that
it is reinforced (Estes et al. 1957; Gluck and Bower
1990). That is, a stimulus that is reinforced 80% of
the time will come to be selected 80% of the time,
whereas a second alternative, which is reinforced
20% of the time, comes to be selected 20% of the
time. Note that probability matching produces less
than an optimal level of reinforcement. In the ex-
ample just given, a subject who probability
matches will be reinforced (.8)(.8) +(.2X.2)= .68
of the time, but a subject who always chooses the
first alternative will be reinforced 80% of the time.
Probability matching occurs in a wide variety of
species (Weitzman 1967; Shimp 1966). Thus, fun-
damental mechanisms may exist for accumulating
information about the probabilistic structure of
the environment.
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The present study attempted to demoastrate a
parallel between animal and human learning sys-
tems. We adopted a paradigm that has been used
previously with normal human subjects to study
probabilistic classification learning (Gluck and
Bower 1988a). Three tasks were developed that
had a different surface appearance but the same
underlying probabilistic structure. In each case, 0
test declarative memory for the training episode,
subjects were asked to answer factual questions
about the training sessions. In experiment 1, the
three tasks were administered to amnesic patients
and control subjects, in two cases for 350 training
trials (tasks 1 and 2), and in one case for S0 train-
ing trials (task 3). In experiment 2, task 3 was
readministered for 90 trials but with 5-min delays
interposed after trials 1-50 and after trials 51-70.
The delays served to evaluate whether the ability
of amnesic patients to perform these tasks could
extend beyond immediate memory, which is in-
tact in amnesia.

Experiment 1
Materials and Methods

SUBJECTS

AMNESIC PATIENTS

Eight amnesic patients (six men and two
women) participated in this study. Two of the pa-

Table 1: Characteristics of amnesic patients

tients (R.C. and J.W.) have Korsakoff's syndrome.
Both patients had participated in quantitative mag-
netic resonance imaging (MRI) studies that dem-
onstrated marked volume reductions in the vol-
ume of the mammillary nuclei (Squire et al. 1990).
Patient M.G. sustained a bilateral medial thalamic
infarction, which was confirmed by MRI (LR
Squire, D.G. Amaral, and G.A. Press, unpubl.). Of
the other five patients, three have bilateral damage
to the hippocampal formation, as confirmed by
MRI [for J.L. and W.H. (Squire et al. 1990); for P.H.
(Polich and Squire 1993)]. A fourth patient, A.B., is
unable to participate in MRI studies, but the etiol-
ogy of his amnesia (anoxia) is consistent with hip-
pocampal damage. Finally, patient LJ. became am-
nesic during a 6-month period in 1988 with no
known precipitating event. Her impairment has re-
mained stable since that time. All eight patients are
well characterized neuropsychologically (Tables 1
and 2).

The patients averaged 63.4 years of age at the
time of the study and had 14.6 years of education.
Immediate and delayed (12 min) recall of a shert
prose passage averaged 4.8 and 0 segments, re-
spectively [maximum number of segments, 21
(Gilbert et al. 1968)]. Scores on other memory
tests appear in Tables 1 and 2. The mean score on
the Dementia Rating Scale was 132.5 [maximum
possible score, 144 (Marttis 1976)]. Most of the
points that were lost were on the memory subpor-
tion of the test (mean points lost=7.0). The mean
score for the Boston Naming test was 55.6 [maxi-

WMS-R
Age WAIS-R
Patients Lesion {years) 1Q attention verbal visual general delay
R.C. Dien 75 106 115 76 97 80 72
JW. Dien 55 98 104 65 70 57 57
M.G. Dien 59 111 113 89 84 86 63
A.B. HF? 54 104 87 62 72 54 <50
P.H. HF 69 115 117 67 83 70 57
W.H. HF 69 113 88 72 82 67 <50
L HF 72 116 122 73 83 74 58
L) unknown 54 98 105 83 60 69 <50
Mean 63.4 107.6 106.4 73.4 78.9 69.6 57.1

(WAIS-R) Wechsler Adult Intelligence Scale-Revised; (WMS-R) Wechsler Memory Scale-Revised. (HF) Hippocampal
formation, (Dien) diencephalon. The WAIS-R and the WMS-R indices yield a mean score of 100 in the normal population
with a standard deviation of 15. The WMS-R does not provide scores for subjects who score below 50. Therefore, the three
scores below 50 were scored as 50 for calculating a group mean.

3The lesion site has not been confirmed radiologically but is strongly supported by the etiology of amnesia (see text).
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Table 2: Memory test performance

Word

Word
Diagram Paired recall recognition Words Faces
Patients recall associates (%) (%) (50} (50)
R.C. 3 Q 0 0 19 85 37 30
LW, 4 0 0 2 29 90 29 34
M.GC. 0 0 0 2 33 71 30 34
A.B. 4 1 1 2 33 83 32 33
P.H. 3 0 0 1 27 84 36 34
W.H. 1 0 0 0 40 84 29 24
JLL. 1 0 0 0 40 93 31 20
L. 3 0 0 0 40 93 33 29
Mean 2.4 0.13 0.13 0.88 32.6 85.4 32.1 29.8
Control means (n = 8)
20.6 6.0 7.6 8.9 71.0 97.0 41.1 38.1

The diagram recall score is based on delayed (12-min) reproduction of the Rey-Osterrieth figure (Osterrieth 1944;
maximum score = 36). The average score for the amnesic patients for copying the figure was 27.5, a normal score
(Kritchevsky et al. 1988). The paired associate scores are the number of word pairs recalled on three successive trials
(maximum score = 10/trial). The word recall score is the percentage of words identified correctly on five successive
study—test trials (Rey 1964). The word recognition score is the percentage of words identified correctly by yes/no recog-
nition across five successive study~test trials. The score for words and faces is based on a 24-hr recognition test of 50 words
or 50 faces (modified from Warrington 1984; maximum score = 50, chance = 23). The mean scores for healthy control
subjects shown for these tests are from Squire and Shimamura (1986).

-

mum score =60 (Kaplan et al. 1983)]. Scores for

normal subjects on these tests can be found else- -

where (Janowsky et al. 1989; Squire et al. 1990).
All of the patients participated in three different
tasks, described below, except J.L., who was avail-
able only for the first two tests. An average interval
of 16 months intervened between task 1 and task
2 (minimum 8 months), and an average interval of
5 months intervened between task 2 and task 3
(minimum 2 weeks).

CONTROL SUBJECTS

The control subjects were either employees
or volunteers at the San Diego Veterans Affairs
Medical Center or were recruited from the retire-
ment community of the University of California,
San Diego. The control group consisted of 37 sub-
jects (17 men and 20 women), matched to the
amnesic patients with respect to the mean and
range of their ages, years of education, and scores

on the Information and Vocabulary subtests of the

Wechsler Adult Intelligence Scale-Revised (WAIS-
R). They averaged 63.8 years of age (range, 53—
76), 14.7 years of education (amnesic pa-

tients= 14.6), and 21.7 and 55.2 on the Informa-
tion and Vocabulary subtests, respectively
(amnesic patients =20.8 and 57.3). Immediate
and delayed recall of the short prose passage av-
eraged 6.1 and 5.7 segments, respectively. The 37
subjects participated in one of three tasks, as de-
scribed below (task 1, n=10; task 2, n=13; task 3,
n=12). Each group of control subjects was
matched separately to the amnesic patients.

MATERIALS

Three different tasks of probabilistic classifica-
tion learning were administered on a computer
screen. Each task required subjects to learn which
of two outcomes was predicted by combinations
of one, two, three, or four different cues (Fig. 1).
Each cue was independently associated to each
outcome with a fixed probability, and the two out-
comes occurred equally often. Table 3 shows the
probability of outcome 1 given each possible com-
bination of cues and the frequency with which
each pattern was presented. In the first task, one,
two, three, or four cues could appear on each trial
(15 possible patterns). For the other two tasks, the
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Task 1

P

Task

Task 3

Figure 1: . The four cues used for each of
the three tasks.

pattern with all four cues present (pawern 15) was
not used, resulting in 14 possible patterns. For
each subject on each test, the sequence of cue
patterns across ials was randomized with the
constraint that the cue patterns appeared with the
frequencies listed in Table 3 and the same cue
pattern never appeared on two successive trials.

Table 3; Probabilfity structure of the three tasks

Headache Facigue Rash Sneezing

VAV
vy
A A
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YW

Og 444
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o
@
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In the first task, subjects decided on each trial
which of two fictitious diseases (nermitis or cak
dosis) an imaginary patient had on the basis of 1
pattern of ong, WO, thres, or four symprtems
({modified from Gluck and Bower 1988a). For the
second and third tasks, subjects decided on each
trial whether sunshine or rain would occur on the

P {cue combination)

Cue
Pagarn ! 2 3 4 task 1 tasks 2, 3 P {outcome!
1. g 0 0 1 0.137 0.140 0.15
2. 0 0 1 0 0.083 0.084 0.38
3. 8] 0 1 1 0.086 0.087 0.10
4, 0 1 ¢ 0 0.083 0.084 0.62
5. o] 1 s} 1 0.083 0.064 0.18
6. 0 1 1 0 0.046 0.047 0.50
7. 0 1 1 0.040 0.041 0.21
8. R 0 o} 0 0.137 0.140 0.85
9. 1 0 0 1 0.057 0.058 0.30
10. 1 0 1 0’ 0.063 0.064 0.82
11, 1 0 1 1 0.031 0.032 0.43
12. 1 1 0 0 0.086 0.087 0.90
13. 1 1 o 1 0.031 0.032 0.57
14. 1 1 1 o] 0.040 0.041 0.79
13. 1 1 1 1 0.017 0.000 0.50

On any trial, 1 of 13 possible combinations of four cues cou

combination)]. Each combination of cues predicted outcome
predicted outcome 2 with a probability of 1 - P (outcome).
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basis of a set of one, two, or three cues (out of four
possible cues). There were four possible cue out-
come association strengths: A given cue could be
associated either 75%, 57%, 43%. or 25% (ap-
proximately) with outcome 1. These probabilities
were obtained by calculating the probabilicy of
outcome 1 given each particular cue. Specifically,
the conditonal probabilities were computed by
calculating the probability that outcome 1 and a
particular cue would occur together and then di-
viding by the total probability that the cue would
occur, regardless of the outcome. For example, as
one can calculate from Tabie 3, in the case of cue
1, the probability that cue 1 would be present and
that outcome 1 could cccur [the P(cue combi-
nation )X P(outcome 1)] is calculated by summing
across patterns 8—15 (343 for task 1 and .337 for
tsks 2 and 3); the towal probability that cue 1
would occur regardless of the outcome equals the
sum of the P(cue combination) for patterns 813
(462 for task 1 and 445 for wasks 2 and 3). Thus,
the association strength with outcome 1 was 345/
462, or 74.7%, for task | and .337/.443, 0r 75.7%,
for tasks 2 and 3. The association streagth of cue 2
can be caiculated similarly by computing the sum
of P(cue combination )X P(outcome 1) across the
patterns in which cue 2 appears and dividing by
the sum of P(cue combination) for these patrerms.
This value is .229/.406, or 36.4%, for task 1 and
.225/.389, or 57.8%, for tasks 2 and 3. Across sub-
jects, each cue was equally likely to be assigned
one of the four association strengths. There were
4! or 24 differear ways in which the cues could be
assigned their association strengrhs.

PROCEDURE

Task 1 (MEDICAL DIAGNOSIS TASK)

Subjects were instructed that they would be

sesing one, two, three, or four symptoms on ¢ach
trial and that they should decide whether an imag-
inary patient that exhibited these symproms
would have either nermits (fictitious disease
number 1) or caldosis (fictitious disease number
2). Subjects were told that at first they would feel
as if they were just guessing but that they would
gradually improve their performance. On each
trial, subjects pressed one key on the computer
kevboard to indicate disease 1 or 2 second key to
indicate disease 2. To begin a trial, a list of one 0
four symptoms appeared in 2 column at the left of

the screen for 3 sec, during which time the subject
was asked to respond. If the subject did not re-
spond within 2 sec, 1 message appeared at the
bottom of the scresn asking them to “please re-
spond now.” The names of diseases 1 and 2 werse
ac the right of the screen throughout the training.
If the subject’s response was correct, 2 high-
pirched tone was sounded and the words “right
answer” appeared on the screen. If the subject’s
response was incorrect, a low tone was sounded
and the words “wrong answer” appeared. This
feedback remained on the screen for 2 sec and was
followed by a 1l-sec intertrial interval.

Each subject was tested for 350 trials, with a
pause (no more than 1 min) scheduled after =ach
block of 30 trials. The break was terminated when-
ever the subject wished to continue (usually after
~10 sec). Immediately after completing the task,
the subjects answered 11 four-alternative multi-
ple-choice questions about the training session
that asked about the names of the diseases, the
layout of the screen, the number of trials_in the
task, and what appeared on the screen 10 provide
feedback after each tial

TASK 2 (WEATHER PREDICTION WITH CARDS)

Task 2 was the same as tsk 1 excepe that
subjects were instructed that they would be see-
ing one, two, or three cues with geomerric sym-
bols on each wial and that they should decide
whether the cards predicted sunshine or rain. The
intertrial interval was shortened to 0.5 sec. Also,
instead of providing feedback with the words
“right answer” or “wrong answer,” a smiling face
appeared on the screen if the subject was correct
and a frowning face appeared if the subject was
incorrect, Finally, 2 vertical scale bar ac the right of
the screen, set initally ac 600, increased by 1 unit
for each correct response and decreased by 1 unit
for each incorrect response. When 3350 wials had
been completed, the subjects were asked 11 four-
alternative multiple-choice questions about the
test session. These questions asked about the num-
ber of trials in the task, the nature of the cues, the
layour of the screen, what appeared on the screea
1o provide feedback after each trial, and where this
information appeared.

" TASK 3 ("WEATHER PREDICTION WITH PICTURES)

The procedure was exacty the same as for
task 2 except that only 50 training trials were
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given. Also. oalv 7 multiple-choice questions were
given instead of 11.

DATA ANALYSIS

A subject was cousidered to have made 3 cor-
rect response on 2 particular trial if the subject
selected the outcome that was most associated
with the cue pattern. Thus, subjects could have
been scored as making 3 correct response (be-
cause they selected the most likely outcome) even
though on that particular trial the feedback they
received told thern that their response was incor-

rect. In this way the percent correct score re-

flected how well subjects learned the probabilistic
associations between the Cues and the two out-
comes. Because the WO outcomes occurred
equally often, chance performance wis 50%. Cue
patterns for which both outcomes werc equally
likely (patzerns 6, 9, and 13; sce Table 3) were not
included in the analysis, because 2 subject’s choice
on trials that involved these patrerns provided no
information about classification learning. Percent
correct scores were analyzed in blocks of 10 trials
for the first 50 trials and in blocks of 50 trials for

the remaining trials.

Results

Figure 2. shows learning curves for both
groups on the three tasks. The results are de-
scribed below in terms of early learning (trials
1-50) and later learning (trials 51-350).

EARLY LEARNING

 For the first 50 trials of all three tasks, control
subjects and amnesic patients pesformed similacly.
In all three tasks both groups performed near
chance on the first block of 10 trials (all 15<1.3,
p>0.1) and exhibited a similar degree of learning
during the first 50 trials. Separate (wo-way analy-
ses of variance (ANOVAs) for each task, performed
on the scores obtained by the two groups across
five blocks of 10 trials, revealed no group effects
(Fs<1), an effect of wial block [for tasks 1 and 2,
Fs>2.96, Ps<0.035; for sk 3, F(4,68)=199,
P<0.11], and no interaction of group and trial
block (Fs<1.4, Ps>0.2). In addition, with one ex-
ception (task 3, amnesic patients), all of the

7S TASK1

70 r

85

Percent Correct

S5 r

s r

&5 . "
10 20 30 40 S0 100 150 200 250 300 350

TS TASK2

70 r

80

Porcent Correct

55 F

50 r

5
10 20 30 40 S0 100 150 200 250 300 350
75 TASK3

0 r

8 -

Percent Correct

55

sar

45
10 20 30 40 S0

Trials

Figure 2: - Percent correct performance for the control
subjects (@) and the amnesic patients {Q) on the three
tasks. For tasks 1 and 2, 350 trials were given in one
sassion. Performance for the first 50 trials is shown in
blocks of 10-trials; performance for trials 51-350 is
shown in blocks of 50 trials, Only 50 trials were given in
task 3.

groups performed above chance levels on the final
block of 10 trials, that is, on wals 41-50 (all
552,24, P<0.05), and there were no differences
between groups on the final block for any of the
sks (55<0.9, P>0.1). On task 3 the score ob-
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tained by the amnesic patients on the final block of
10 trials (58.5% =10.0% ) was not above chance
[#6)=0.84, P>0.1]. Finally, across all 50 trials of
tasks 1 and 3, the amnesic patients obuained scores
of 58.8% +3.0% and 61.0% =3.8%, respectvely,
which were significandy above chance (Ps<0.05).
For the first 50 trials of Task 2, the amaesic pa-
tients scored $9.2% =4.2%, which was marginaily
above chance (P=0.07) There were no differ-
ences becween the groups on this measure for any
wask (15<1.0, Ps>0.1).

Figure 3 shows the average performance of
the eight amnesic patents across all thres tasks
(patent J.L's score was based o only two tasks)
and the average score obtained by control sub-
jects (Le., a simple average of the three learning
curves obtained by the three different groups of
control subjects). The amnesic patients scored
near chance on the first block of 10 wials
(53.1% =3.0% correct, P>0.1) and then improved
to an above-chance score of 64.0% =4.7% for ui-
als 41-50 [K(7)=2.98, P<0.05] This score was
similar to the average score obtiined by the three
groups of conuol subjects [68.2%, #7)=0.89,
P>1.0]. For the amnesic pauents, performance on
trials 41-30 was marginally better than perfor-
mance on trials 1-10 [#7)=2.16, P<0.07]

A three-way ANOVA (group X-wsk X trial
block) was performed on the combined daa for
the first 50 trials. Although this analysis treats the
amnesic patienis as §Eparate groups for each task,

80 +

Parcant Correct

85 ¢

50 F

45

20 30 40 5a
Trials

10

Figure 3: The mean pescent COrrect sCores for the am-
nesic patients on all three tasks are shown by the broken
line. The average of the three learning curves for the
three groups of control subjects for the three tasks is
shown by the solid line.

95 ¢
.
85 > -
—
S 1
b
s
a5k
[¥]
§ s
3
-9
_(5 .
T
s ¢
25 =2
CON AMN CON AMN CON AMN
Task 1 Tasx 2 Task 3
Figure 4: Performance of the control subjects (CON)

and amnesic patients (AMN) on the debriefing question-
naire. Brackets show 5.5.m.

it provides 2 more sensitive way to detect differ-
ences berween the groups than does the separate
analvsis of the data from each sk There was 3
main effect of trial block [F(4.216)=3548,
MS,=671.0, <001}, no main effect of cither
group or task (Fs<1), and no interactions (Fs<1).

LATER LEARNING

When training was extended past 50 trials for
tasks 1 and 2, differences emerged berween the
groups (Fig. 2). For both tasks the two groups
performed significantly above chance on trials 51—
350 (all &5>3.1, Ps<0.05). Two-way ANOVAs (2
groups X 6 blocks of 50 trials) indicated 2 mar-
ginal effect of group for task 1 [F(1,16)=3.36,
MS,=605.7, P=0.09] and a significant efect for
sk 2 [F(1,21)=5.39, MS_=445.0, P<0.05]. The
interaction of group and trial block was not signif-
icant for either task (Fs<1.0). For the final block of
50 trials in both tasks, the control subjects per-
formed significandy better than the amnesic pa-
tients [for task 1, control subjects =72.9% =2.0%,
amnesic patients=60.8% =5.7%, {16)=2.19, ?
<0.05; for task 2, control subjects = 73.5% =3.2%,
amnesic patients=60.7% =3.4%, (21)=254, £
<0.05}.

DEBRIEFING QUESTIONS

For all three tasks, the amnesic patients per-
formed more poorly than the control subjects on
the debriefing questionnaire (Fig 4 5>4.9,
Ps<0.01).
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Discussion

In three different probabilistic classification
tasks, zmnesic patients performed like control sub-
jects (trials 1-30), as performance improved fom
~350% correct 10 ~G3% correct. However, per
formance of the control subjects eventually sur-
passed that of the amaesic patents (tasks 1 and 2,
trials 51-350). The lack of 2 group difference early
in training was not the result of the lack of staus-
tical power; no differences berween the groups
emerged even when the dac from all three tasks
were combined. For the combined data of the am-
nesic patients (Fig. 3), the range of standard errors
for the first five blocks of 10 trials was 3.0-3.2,
which was similar to the range of standard errors
for blocks of 50 trials later in training (2.4-5.7)
Because group differences could be detected later
in training, it should aiso have been possible ©
detect a group difference eacly in training, if one
was present. The finding that amnesic patieats pes-
formed normally during initial training sSuggests
that declarative knowledge does not contribute to
the early acquisicion of classificarion learning. Ac-
cordingly, probabilistic classification leaming ap-
pears to resemble habit learning in experimental
animals. In the case of habic learning in S and
monkeys (Packard et al. 1989; Wang et al. 1990),
25 in humaas, the learning is independent of the
hippocampus and related sTucwures.

In an earlier study of cognitive skill learning
(Squire and Frambach 1990), the subject’s objec-

tive was to achieve 2 target level of sugar produc- |

tion at a Sctitious factory by deciding on each trial
how many workers should be hired (Berry and

Broadbent 1984). Sugar production on each twial -

was a function of the sugar production achjeved in
the previous trial and the aumber of workers hired
in the present trial. Subjects were not told about
the relationship between these variables. Early in
training the amnesic patents performed as well as
control subjects. However, in a later training ses-
sion, normal subjects were able to outperform the
amnesic patieats and also 0 demoanstrate better
declarative knowledge about the strategy that they
were acquiring. A similar situation may have oc-
curred in the present study. That is, 35 training
progressed, the control subjects may have been
able to gain more declacarive knowledge of the
task, which enabled them evenmually to outper-
form the amnesic patents.

The amnesic patients performed more poorly
than the control subjects on the debriefing ques-
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tonnaire that was administered after each of the
three tasks. Thus, the amnesic patients did not re-
member facts about the training episode as well as
control subjects did, even when the questioanaire
was given at a tme when the amnesic padents
were performing s well as the coatrol subjects on
the classification task (e.g., after task 3).

The normal performance of the amnesic pa-
tients early in training strongly suggests that de-
clarative memory does not make an imporuant
contribution to performance during the early
stages of probabilistic classification learning. How-
ever, because amnesic patients have intact imme-
diate (short-term) memory, as measured by asks
such a5 digit span (Baddeley and Warringron 1970;
Cave and Squire 1992), the possibility should be
considered that the patients were retaining knowl-
edge of the cue outcome ass0ciations in immedi-
ate memory by rehearsing them during the eacly
part of training. This possibility is addressed in
experiment 2.

Experiment 2

In experiment 1 the amnesic padents per-
formed as well as the normal subjects on three
different tasks during the first 50 tials of training.
Experiment 2 was designed t© determine whether
this gradual improvement in classification ability
might depend on immediate memory, which is in-
tact in amnesia. To address this issue we adminis-
tered 50 additional trials of tsk 3 to control sub-
jects and amnesic patients. (It was not expected
that there would be significant savings from the 50
training trials given as part of experiment 1, be-
cause at least 6 months intervened berween ex-

" periment 1 and experiment 2, except for one am-

nesic patient who was retested after 1 month.)
After the 50 training trials, there was a 5-min delay
followed by an additional 20 training trials, Then,
there was 2 second 5-min delay and a second set of
20 trials. The question of interest was whether the
learning that occurred during the ficst SO trials was
retained across the delays.

Materials and Methods -

SUBJECTS

The same seven amnesic patients and the
same 12 control subjects that participated in sk
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3 of experiment 1 also partcipated in experi-
menat 2.

MATERIALS AND PROCEDURE

The procedure was identical to that of task 3
(experiment 1), except that 20 additional tials
were given after a 5-min delay, followed by 1 sec-
ond $-min delay, the administration of the debrief
ing questionnaire, and then 4 final biock of 20 tri-
als. The subject and experimenter engaged in con-
versation during the delays. Each subject was
assigned the same cue outcome associadons that

he or she-had received during testing in task 3
(experiment 1). The questonnaire was identcal
to the one used for task 3, except that it began
with four questions asking subjects to esumate
how often they thought each of the picrures, when
presented alone, predicted each of the two out-
comes. These four questions were phrased, “When
only the (boat, burterdly, candle, telephone) was
present, what percent of the ume wis the out-
come sunshine and what percent of the tme was
the outcome rain?” Subjects were instructed that
their two estimates should add to 100%. Note that
this method for obtaining estimates differs from
the method used by Gluck and Bower (1988a).
Gluck and Bower asked subjects to estimate how
often each outcome occurred when a particular
cue was present regardless of which other cues
were also present.

Results

As was the case in experiment 1, there were
no differences berween the groups in the first 50
trials (Fig. ). Both groups performed at chance
leveis during the first block of 10 training trials
(£5<0.09). Thus, as expected, neither group dem-
onstrated any savings from the 50 taining tials
that had been given several months carlier. A two-
way ANOVA (2 groupsX 5 blocks of 10 trials) re-
vealed no effect of group and no interaction be-
tween group and trial block (Fs<1) but a margin-
ally significant effect of trial block [F(4,68)=2.48,
MS,=630.1, P=0.052].

Both groups also exhibited savings across the
two delays. The control subjects averaged 70.3%
correct on the final two blocks of 20 trials [ their
49.4% score on the first 10 wrials of the session,
(11)=4.48, P<0.01] The amnesic patients
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Figure §5: Classification performance by control sub-
jects (@) and amnesic patients {O). The data are for 50
training trials and for two additional blocks of 20 trials,
each separated by a 5-min celay.

scored 64.5% correct on the final two blocks of 20
trials {and they also scored 49.4% correcion the
first 10 tials, (6)=2.39, P=0.054]. The scores of
the two groups were similar during the final two
blocks of 20 trials {{(17)=0.7, P>0.1]. It is also
worth mentioning that for both groups, savings
were apparent even during the first 10 trials after
each defay (all 5>2.54, Ps<0.03).

ESTIMATIONS OF THE ASSOCIATIVE STRENGTHS
OF THE CUES

A two-way ANOVA (2 groupsX4 cues) wis
pecformed on the estimates given by subjects of
the probabilicy with which each cue predicted the
outcome sunshine (Table 4). There was a main
effect of cue, indicating that subjects discrimi-
nated among the cues with respect to how much
they were associated with the outcome sunshine
[F(3,51)=4.37, MS_=2621.6, P<0.01]. There was
no effect of group [F(1,17)=1.07, M§.=673.1,
P>0.1] and no interaction berween group and cue
(F<1). Despite the absence of an interaction, sep-
arate one-way ANOVAs on the scores of each
group suggested that the control subjects were
able to discriminate among the cues, whereas the
ampesic patients were not. For control subjects
there was an effect of cuc on the pattern of est-
mations [F(3,33)=4.85, P<0.01] Pairwise com-
parisons with Bonferonni correction indicated
that control subjects estimated that cue 1 was
more associated with the outcome “sunshine”
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Table 4: Estimates of the associative sirength of
each cue

Control subjects Amnesic patients

Cue %) (%)

1 73.3 = 6.1 60.7 = 12.7
2 53.9 = 6.1 46.0=11.8
3 40.4 = 6.6 393=77
4 444 =79 416 =7.4

The values are the estimates (means = s.2.m.) by sub-
jects of the percent of time that each cue predicted out-
come | when it appeared alone. The actual values were
85%, 62%, 38%, and 15% for cues I, 2, 3, and 4,
respectively.

than was cue 3 or cue 4 [i5(11)>2.7, Ps<0.05].
For the amnesic patients, the efect of cue did not
approach significance (F<1) and none of the pair-
wise comparisons involving the four estimates was
significant [£5(6)<1.4, Ps>0.2]. Thus, althcugh the
amnesic patients performed as well as control sub-
jects on the classification task itself (Fig. 3), they
differed from control subjects in being unable to
discriminate among the associative strengths of
the cues.

DEBRIEFING QUESTIONS

The amnesic patients were impaired relative

o the control subjecss on the questions that asked
about the nature of the wsk [71.4% =4.4% vs.
85.7% =3.0%, (17)=2.74, P<0.05].

Discussion
Just as was observed in experiment 1, the am-
nesic patients performed as well as control sub-
jecis on the classification learning task. The key
finding in experiment 2 was that the two groups
exhibited equivalent savings across the 5-min de:
- lays. Because amnesic patients were able to retain
knowledge of the associations between the cues
and the outcomes across an interval of S-mig, they
were not relying on immediate memory of previ-
ous trials to perform the wsk Rather, it appears
that information relevant for classification perfor-
mance is acquired gradually within long-term
memory. This leaming occurs independently of
the brain strucrures damaged in amnesia
The estimation task used in the present exper-
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iment was designed t measure whether in the
course of the training trials subjects acquired any
knowledge about the cue outcome associations.
Neither group was particulacly accurate when
asked (0 estimate how often each of the two out-
comes was associated with each cue. Responses
were highly variable for both groups, and this vari-
abiliry may be one reason that no significanc group
differences emerged. Nevertheless, there is a sug-
gestion in the daca that the control subjects esci-
mated the relationships between the cues and the
outcomes better than the amnesic patients did.
This conclusion must remain tentative in view of
the fac that there was 0ot an overall significant
difference berween the groups and no interaction
of group X cue. Nevertheless, only the control sub-
jects were able to discriminate berween the cues
in terms of how often each cue was associated
with each outcome. The amnesic patients did not
estimate that any of the cues were more associated
with one outcome than the other outcome.

General Discussion

In experiments 1 and 2, amnesic patients ex-
hibited normal learning of the probabilistic rela-
tonship berween the cues and the outcomes, at
least during the first 50 training trials. Because the
performance of the amnesic patients could not be
explained by reliance on short-ferm memory (ex-
periment 2), it appears that performance is depen-
dent on long-term, nondeclarative memory. At the
same time, it appears that some declarative knowi-
edge does develop about the cue-outcome associ-
atons after more extended training, because the
conerol subjects were eventually able to outper-
form the amnesic patients. Experiment 2 showed
that the amnesic patients had more difficulty than
the control subjects in estimating verbally how
often each cue was followed by each outcome, and
in both experiments the amnesic patients were
significantly impaired at recollecting facts about
the testing sessions. These results support the idea
that at least two kinds of knowledge can be ac:
quired in the probabilistic classification tasks: On
the one hand, subjects acquired nondeclarative
knowledge early in training about the relationship
between the cues and the outcomes; on the other
hand, they also acquired declarative knowledge
about the task, including information about the
cue-outcome relationships, which gradually be-
came robust enough to enhance classification per-
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formance. Because the associations berween the
cues and outcomes were probabilistc, subjects
needed to store a sufficient aumber of trials in
declarative memory before they could have ex-
plicit knowledge of cue-outcome associations.
Thus, the contribution of the hippocampal system
could only become apparent later in training.
The probabilistic classification wsk appears o
involve a kind of category learning. Implicit learn-
ing about categories has been demonstrated in
other tasks in which explicit knowledge does not
exert a strong influence on performance. For ex-
ample, amnesic patients exhibited normal learning
of categories defined by the rules of an aruficial
grammar (Knowlton et al. 1992; Knowiton and
Squire 1994). Amnesic padents also exhibited nor-
mal learning in a classification task in which the
categories were defined by the resemblance of
items to a protorype (Kaowiton and Squire 1993).
© Category learning appears (0 involve some of the
same principles 15 conditioning (Gluck and Bower
1988a, 1988b). The Rescorla~Wagner rule (Res-
corla and Wagner 1972), which describes the in-
crement in the strength of the association berwesn
2 CS and 2 US in classical conditioning, can also
describe the increment in associative streagth be-
tween a cue and an outcome in 2 category-learning
experiment. In both cases, various cucs {or CSs)
compete for associative strength such that if one
cue is highly associated with 2 particular outcome
(or US), other possible associations berween cucs

and that outcome are learned less well (Rescoria

and Wagner 1972; Gluck and Bower 1988a). This
cue competition, a5 embodied by the Rescorla—
Wagner rule, results in phenomena such as block-
ing and overshadowing, which can be observed in
conditioning paradigms. These phenomena also
occur in category learning paradigms sirnilar w0
the ones used in this study (see aiso Estes et al.
1989; Markman 1989; Shanks 1991). Condidoning
and category learning undoubtedly have different
neural substrates: Conditioning of discrete skeletal
muscle responses depends oa the cerebellum and
2ssociated beain stem circuitry (Thompson 1990),
and conditioning of emotional responses depends
on circuitry that includes the amygdala (LeDoux
1987). The neural substrates of category leaming
probably involve neither of these structures. How-
ever, it is an interesting possibility that different
nondeclarative learning tasks share similar formal
properties.

The probabilistic classification task is analo-
gous to habit learning tasks studied in animals in

that subjects are learning a set of associations be-
rween stimuli, independendy of declarative mem-
ory. The normal performance of amnesic patients
on this task emphasizes that noandeclarative mem-
ory abilities are not solely percepaual or motor but
include cognitive abilities as well (also Squire and
Frambach 1990). The demonstration of nondeciar-
ative habit learning in human subjects strengthens
the idea that there are similarities armong mamma-
lian species with respect to the organization of
memory, and it underscores the usefulness of an-
imal models for the study of human nondeclarative
memory,

In experimental animais, performance oOn
habit learning tasks is disrupted by lesions of the
caudate nucteus (Packard et al 1989; Wang et al.
1990). The neostriatum bas also been implicated
in some kinds of nondeclarative learning tasks in
humans. Patients with Huntingron's disease, who
sustain prominent damage in the caudate aucleus,
exhibit deficits in nondectarative tsks n which a
motor program must be acquired (Heindel et al.
1988; Heindel et al 1991; Knopman and Nissen
1991). In addition, these patients may be impaired
at learning cognitive skills that can be learned
rather well by amnesic patients (Saint-Cyr et al
1988). Perhaps the striatum is also the locus of
habit learning in human subjects. If so, patents
with Huntingron's disease should have difficulty
with the probabilistic category leamning task. Al-
ternatively, in humans the highly developed cere-
bral cortex may be capable of forming the gradual
connections between stimuli and responses that
support habit lezrning.

One final poiatr concerns the finding that late
in training the control subjects performed better
than the amnesic patients. A similar finding was
reported in an earfier study of cognitive skill learn-
ing (Squire and Frambach 1990). One interprea-
tion of this late training advantage is suggested by
2 recent compurational theory of corticohippoc-
ampal processing (Gluck and Myers 1993). The
theory distinguishes berween two disunct but in-
teracting fmemory processes. A representational
process, assumed to be hippocampal-dependent,
forms new stimulus representations, and an asso-
ciational process, assumed to be hippocampal-in-
dependent, learns 1o map from these representa-
tions to expected future outcomes. These future
outcomes would be category labels (¢.g., rain and
sunshine) in probabilistic classification learning or
the unconditioned stimuli in studies of condition-
ng.
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The key idea behind the proposed hippocam-
pal-dependent processing is thar it requires recog-
niton of stimulus-stimulus refationships in the en-
vironment An efficient representation is charac-
terized both by compression of redundant, co-
occurring cues and by differentiation of cues thar
predict different future events. Hippocampai le-
sions eliminate this representational processing
but leave intact the simpler associational process.
According 1o the theory, stimulus—stimulus regu-
larities in the training environment can be repre-
sented oniy after the subject has experienced a
sufficient subset of the environment. Until this oc-

curs, learning should depend virtually entirely on -

associational processes. The impact of new hip-
pocampal-dependent  representations should,
however, become evident later in training, oace
these representations have had tme to develop.
This idea implies that early in training, amnesic
patents and control subjects should behave simi-
larly. Later in training, however, control subjects
will develop new stimulus represeatations and the
performance of the two groups should diverge.
(For a review of similar data from animals with
hippocampal lesions, ses Gluck and Myers 1993).
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