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Clinical data from brain-damaged patients implicates the human hippocampal formation in memory function. We tested the hypothesis that 
long-term memory function is associated with activation of the hippocampal formation in humans by measuring regional cerebral blood flow changes 
whilst subjects performed memory tasks. Bilateral hippocampal regional cerebral blood flow was significantly correlated with a measure of the 
engagement of long-term auditory- verbal memory. No such association was observed for the degree of engagement of auditory verbal subspan 
memory. These data provide, for the first time, direct in vivo evidence for the involvement of the hippocampal formation in long-term memory in the 
intact human brain. 

Neuropsychological studies of amnesic patients with 
localized brain damage have been the predominant 
method for establishing the neural correlates of normal 
memory function. However, the inherent difficulty of 
this "lesion model" lies in relating memory function to 
the integrated functional anatomy of the intact living 
brain. Using this anatomical-clinical correlation ap- 
proach, the human hippocampus has a long, though con- 
tentious, role in memory function [9, 13]. Bilateral dam- 
age to the medial aspect of the temporal lobe, including 
the hippocampus, produces characteristic impairments 
in memory function when task demands exceed the im- 
mediate span of short-term memory [1, 11, 13]. Such 
"supraspan" memory tasks include, for example, the free 
recall of heard word lists, typically 10 15 words pre- 
sented over 20 30 s. I fa  normal subject's recall is plotted 
against the position of the word in the list (serial position 
curve), words are preferentially recalled from the begin- 
ning and end of the list; so-called "primacy" and "re- 
cency effects" [14]. The recency effect is dependent on a 
short-term memory system of limited capacity [18]. Per- 
formance on the mid-portion of the serial position curve 
reflects the operation of long-term memory function [2] 
whilst the primacy effect may relate to the effects of re- 
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hearsal as well as long-term memory function [2]. In pa- 
tients with medial temporal lobe damage, the recall of 
items from the beginning and mid-portion of such word 
lists is impaired whereas items from the end of the list are 
recalled normally [1]. Such neuropsychological data indi- 
cate a role for the human hippocampus in processing 
information that exceeds the span of short-term memory. 
This span has been shown to be approximately five 
words or seven digits [10]. 

The ability to relate activity in the hippocampal for- 
mation to specific aspects of psychological function will 
be of considerable importance in clarifying its precise 
role in mnemonic processing. Functional brain-imaging 
techniques using positron-emission tomography (PET) 
now provide an alternative to the "lesion model" in lo- 
calizing the anatomical correlates of higher mental func- 
tions [8]. With these techniques neuronal activation can 
be indexed by task-related changes in regional cerebral 
blood flow (rCBF) in the intact brain. A task-related 
change in rCBF can be defined by the difference in rCBF 
profiles between two brain scans when a single cognitive 
component is altered (cognitive subtraction) or by the 
correlation of rCBF with the systematic variation of a 
single task parameter across a number of brain scans 
(graded response). We describe an experiment using a 
graded response auditory-verbal memory task that di- 
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rectly addressed the relationship between memory func- 
tion and hippocampal  activity in vivo. We based our ex- 
perimental design on the hypothesis that a performance- 
derived measure of  long-term memory  function would 
correlate with hippocampal  rCBF whilst a pertbrmance- 
derived measure of  subspan memory  would not. 

Six male right-handed volunteers (aged from 21 to 36 
yr) gave written informed consent. Each subject under- 
went 12 serial rCBF measurements over a 3-h period 
with a CTI 953B-PET scanner (CTI, Knoxville, TN) 

with collimating septa retracted. For each rCBF meas- 
urement, H2~50 was given as an infusion over 120 s. The 
amount  of  tracer injected per subject was 135 mCi (calcu- 
lated dosimetry 5 mSv). The integrated radioactivity 
counts accumulated over a 165-s period during the per- 
formance of the auditory-verbal memory  task was used 
as an index of rCBF [7]. Subjects were asked to remem- 
ber and immediately and freely recall a series of  heard 
word lists (one word every 2 s) that varied f rom two to 13 
words in length. Word-list length was randomized 
amongst  scans and a total of  60-66 different words were 
presented during each scan. Within a single scan, word- 
list length was kept constant. For example, in the first 
scan for a single subject, eight different eight-word lists 
were presented, for the fifth scan 20 different three-word 
lists were presented. 

PET images were reconstructed using a validated algo- 
rithm for full 3-D reconstruction with retractable septa 
[17]. Images were displayed in ANALYZE (BRU; Mayo 
Foundation,  Rochester, MN). Statistical analysis was 
performed in P R O M A T L A B  (MathWorks,  Natick, 
MA) using statistical parametric mapping [4] (SPM; 
M R C  Cyclotron Unit, London, UK). Following realign- 
ment [19] and stereotactic normalization [3, 6] into the 
atlas of  Tailairach and Tournoux [16], all scans were sub- 
ject to an ANCOVA [5]. For  each pixel, the ANCOVA 
generated 12 condition-specific mean rCBF values, one 
for each word-list length, each with an associated error 
variance. With appropriate  weighted contrasts reflecting 
memory  performance, areas with significant correlations 
between rCBF and memory  performance were identified. 
Da ta  from the middle portion of the serial position curve 
(words correctly recalled without contaminat ion by pri- 
macy or recency components)  were used to generate a 
measure of  memory  performance that represented a pure 
engagement of  long-term memory  processes [2] (Table I). 
Only data f rom the "supraspan"  scans of  seven or more 
words in length were used. In these word lists, the pri- 
macy effect was conservatively assumed to involve the 
first two words presented and the recency effect the last 
four words in any word list. This left a variable mid- 
port ion of  the serial position f rom one word in the seven- 
word list to seven words in the 13-word list from which 

scores for long-term memory performance (total number 
of  words recalled) were calculated. Separate correlations 
of  rCBF with the total number of  words correctly re- 
called in the "short  word lists" were also made as an 
index of subspan memory engagement. These scans were 
of  word-list length two, three, four, five, six and seven 
words (for the seven-word list the third word in the list 
was ignored as it was used as a measure of  long-term 
memory).  For all weighted contrasts, a threshold of 
P < 0.01 was used (not corrected for multiple compari-  
sons). This statistical level was justified as our hypothesis 
was constrained to a specific area in the whole scanned 
volume, i.e., the hippocampal  formation. 

The upper images of  Fig. I show statistical parametric 
maps of transverse sections through the hippocampal 
and parahippocampal  regions. Brain areas showing sig- 
nificant correlations of  rCBF with subspan memory  per- 
formance (upper) and long-term memory performance 
(middle) are shown. As predicted the number of  words 
correctly recalled from the mid-portion of the serial posi- 
tion curve correlated with increased blood flow bilater- 
ally in the hippocampal  formation. The spatial extent of  
this correlation appeared greater on the left than right 
(see Fig. 1). The site of  maximal correlation was located 
in the left hippocampus (co-ordinates -24,  -30,  - 4  in the 
x, y and z planes of  the Talairach and Tournoux atlas) 
(correlation coefficient for left hippocampus = 0.68 
P < 0.05 Pearson product moment  correlation) (see Fig. 
2). In addition, significant correlations were seen in the 
region of the posterior hypothalamus,  posterior cingu- 
late, the precuneus and angular gyrus (data not shown). 

TABLE I 

MEMORY PERFORMANCE 

Data used in the weighted contrasts of correlations between rCBF and 
memory performance. (a) wordlist length presented to subjects; (b) 
total number of words correctly recalled; (c) long-term memory engage- 
ment = number of words correctly recalled from the mid-portion of the 
serial position curve; (d) number of words correctly recalled from the 
subspan conditions. 

a b c d 

2 2.0 - 
3 3.0 - 
4 4.0 - 
5 4.8 - 
6 5.6 - 
7 6.2 0.9 
8 6.8 1.7 
9 6.9 2.2 

10 7.1 2.5 
11 7.7 3.0 
12 7.1 3.2 
13 8.0 4.3 

2.0 
3.0 
4.0 
4.8 
5.6 
5,5 
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Fig. 1. Statistical parametric maps of transverse sections through the hippocampal and parahippocampal regions from plane z = -16 mm to +8 mm 
relative to the anterior posterior commissure line. Brain areas showing significant correlations of rCBF with subspan memory performance (upper) 
and long-term memory performance (middle) are shown. The coloured square at the lower left corner on each plane represents an omnibus threshold 
of significance of P < 0.01. The lower images are averaged PET images from a database of 20 subjects through the same planes to illustrate the 
relevant anatomical regions. The hippocampal and parahippocampal region is circled for illustrative purposes on these images. The arrows at -4  mm 
illustrate the correspondence between the hippocampal/parahippocampal region and the focus of maximal correlation. The linear contrasts to the 
right of each row of transverse images show the relative weighting applied to each scan for the comparisons made. Weightings were applied directly 

from the measures of long-term and subspan memory performance in Table I. 

In con t ras t  to our  measure  o f  long- term m e m o r y  per- 

formance ,  the n u m b e r  o f  words  correc t ly  recal led in the 

subspan  word  lists did  not  corre la te  with h i p p o c a m p a l  

r C B F  at the same loca t ion  (cor re la t ion  coefficient for  left 

h i p p o c a m p u s  = 0.173, P >  0.05 Pearson  p roduc t  mo-  

ment  corre la t ion) .  This  suggests tha t  the observed  rela- 

t ionship  is specific for long- te rm m e m o r y  processes  

ra ther  than  a non-specif ic  aspect  o f  m e m o r y  per form-  

ance tha t  is c o m m o n  to bo th  tasks.  In add i t ion ,  in t rus ion  

er rors  from previous  word  lists were very rare  thus inter-  

ference effects are unl ikely  to be a c o n f o u n d i n g  fac tor  in 

this s tudy.  

The  lack o f  cor re la t ion  between h i p p o c a m p a l  r C B F  

and pe r fo rmance  in the subspan  tasks  conf i rms clinical 

and  recent PET studies showing tha t  such m e m o r y  tasks 

are independen t  o f  media l  t empora l  lobe funct ion [12, 

15]. H i p p o c a m p a l  engagement  was detected when task 

d e m a n d  exceeded the capac i ty  o f  shor t - t e rm m e m o r y  

processes.  Clinical  and  exper imenta l  da t a  suggests hip- 

p o c a m p a l  funct ion is essential  for the encod ing  and con- 

so l ida t ion  o f  long- te rm m e m o r y  traces at a neocor t ica l  

level whilst  the retr ieval  o f  such m e m o r y  traces can occur  

independen t ly  o f  h i p p o c a m p a l  funct ion [15]. In the light 

of  this view, the cor re la t ion  o f  h i p p o c a m p a l  r C B F  with 

long- te rm m e m o r y  funct ion p r o b a b l y  reflects neural  ac- 

t ivity associa ted  with encoding  and conso l ida t ion .  Fur-  

ther exper iments  explor ing  the encoding,  conso l ida t ion  

and retr ieval  phases  o f  word- l is t  learn ing  separa te ly  will 

address  this hypothesis .  The present  results  d e m o n s t r a t e  

convergent  and c o m p l e m e n t a r y  evidence to that  der ived  



188 

I -  
o - -  

E 
"o  

E 

"0  

o ~  
x:l  
c0 

v 

i i  
m 

0 

61 

60 

El  

E l  Q 

B E l  13 

5 9  i I I I t 

0 ~ 2 3 4 5 

words  recal led per presentat ion 

Fig. 2. (a) Mean rCBF data from the left hippocampal region for all 
subjects vs. mean number of words per presentation correctly recalled 
from the mid-portion of the serial position curve (see text for details). 
The precise co-ordinates are -24, -30, -4  mm in the x, y and z planes 

of the Tatairach and Tournoux atlas. 

from "lesion models", that a structure, the hippocam- 
pus, associated with long-term memory function, is in- 
deed activated in the intact human brain. 
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