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Abstract

This study tested the hypothesis that the hippocampus has a relatively specific role in retaining information over
delays. Thirty-seven subjects with probable Alzheimer’s disease were evaluated with a verbal memory task and
structural MRI. Cortical gray matter but not hippocampal volume predicted immediate free recall. In contrast,
hippocampal volume was the best predictor of how well information was retained over a delay, even after
controlling for levels of immediate recall. Results suggest that the role of the hippocampus is relatively specific to
the consolidation of new memorieslINS 2004,10, 639-643.)
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INTRODUCTION cessed and encoded. These abilities may be mediated
rimarily by frontal and other cortical structures rather than

Itis WeI_I established that_ the_hippocampus is_ an importan he hippocampus (Fletcher & Henson, 2001; Squire, 1992
anatomic substrate of episodic memory (Squire, 1998). Nu—Stuss & Alexander, 2000). Memory performance can also

merous case studies and empirical investigations show thgh, i, ,enced by subcortical structures and white matter
hippocampal damage can produce amnesic syndrom i/lungas et al., 2001)

(Kramer & Delis, 1998). Alzheimer’s disease (AD) is a Another important issue is the precise role the hippocam-

pa:;:c:ﬂarly llm_portar;tt:]argdgt populatlo? tct) SE)Udy bzc_autshegus plays in memory. The hippocampus is thought to be
pathological signs of the disease are Tirst observed in ritical for the consolidation of new memories, that is, the

mEdlﬁl te;mpogll IOEZ’ E?nd Figngo;y ||_|rr_1pa|rment IIS ? harl]l'capacity to retain information over delays (Squire, 1998).
mar ea_ure( raa raax, ): Ippocampat atrop yTypicaIIy, however, investigators have correlated hippocam-
in AD patients has been shown to predict impaired memor

al volumes with single measures of memory such as im-
performance (Jack et al., 1999; Mungas_ et aI._, 2001; Pe; ediate recall (Petersen et al., 2000), delayed recall (Hackert
terse.n_ ?t a.l" 2.000)' Furthgrmore, there ISa fa|r degree q tal., 2002), or delayed recognition (Kopelman et al., 2001).
specificity in this relationship in AD patients, with memory While correlations between hippocampal volumes tend to
scores selectively related to hippocampal volumes, and NOMa most robust with measures of delayed memory (Kohler
memory performances related to other brain regions (Fam

8t al., 1998), it is necessary to control for immediate mem-
et al., 1997). , 1998), y

ory in order to directly evaluate the specific relationship
between hippocampal volume and retention over time. This
R particularly important when studying neuroanatomical
substrates of memory performance in AD because the dif-
fuse cognitive impairment in AD can interfere with pre-
memory aspects of information processing. In addition, the

. N - presence of diffuse cortical atrophy in AD raises the possi-
Reprint requests to: Joel Kramer, Psy.D., University of California, San

Francisco, Campus Box 0984-PAC, 401 Parnassus Avenue, San Francis&',“ty of multiple neuroanatomical correlates of memory
CA 94143, E-mail: kramer@itsa.ucsf.edu performance (Fama et al., 1997; Kopelman et al., 2001).
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such as attention, working memory, organization, and pro
cessing ability affect how well information is initially pro-
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The primary goal of this study was to determine whethementia oriented laboratory tests, standardized cognitive as-
hippocampal volumes predict retention of information oversessment, and a brain MRI. All subjects gave informed
a delay in patients with AD. Retention is influenced by consent under protocols approved by the human subjects
many factors, an important one being how well the infor-protection programs at their respective institutions.
mation was initially acquired. We hypothesized that if the Subjects were administered the MMSE and the Memory
hippocampus participates in the retention of informationAssessment Scale List Learning Test (Williams, 1991) as
over delays, then (1) hippocampal volumes should predicpart of a larger neuropsychological test battery. The list
delayed recall performance even after controlling for initiallearning task is a 12-item list administered over six learning
acquisition of the material; and (2) hippocampal volumestrials. A delayed free recall trial occurs after a 10-min in-
should have a stronger relationship with delayed recall thaterval filled with primarily nonverbal tasks. The primary
with immediate recall. We further hypothesized that hippo-measures of interest for the present study were immediate
campal volumes would predict memory retention, whereagree recall (i.e., the number of items recalled over the six
other brain structures known to influence memory perfor-learning trials) and retention of information over the 10-
mance such as cortex and white matter disease would namin delay (i.e., the number of items recalled after the 10-
min delay relative to the number of items recalled on the
final learning trial). The total number of words recalled
summed over the six learning trials was selected as the
index of immediate recall because it captures the improve-
ment in recall over the learning trials due to episodic mem-
Participants were recruited from three academic dementiary, is more reliable than any individual trial or the slope,
centers participating in a multi-center collaborative studyhas the largest loading on general memory factors in factor
of cognitive impairment and dementia. There were 54 subanalytic studies, and is widely used in neuropsychology as
jects who met NINCDS-ADRDA criteria for probable Alz- a memory measure (Delis et al., 1988).
heimer’s disease (AD) and who received the memory MRI variables of interest were total hippocampal vol-
evaluation at baseline. Of these 54, hippocampal volumesme, cortical gray matter volume, and volume of white
were available for 39. One subject was excluded becaus@atter signal hyperintensities. Subjects were scanned on
the MRI was not obtained within 6 months of the memorytwo different machines carefully calibrated to yield T1-
testing, and a second subject was excluded because of eweighted volumetric images with identical resolution and
tensive subcortical lacunes (total lacune volume greater thagimilar tissue contrast. Based on an analysis from 94 nor-
1 cc). The final sample consisted of 37 subjects (20 memal subjects, who were scanned on the different machines,
and 17 women) with AD. Descriptive information for the differences between the scanners in measuring hippocam-
sample is provided in Table 1. For comparative purposespal volumes were not significant when contrasted against
data are also presented for a sample of 43 normal controlsge and genddi(3,90 = 0.42,p > .5]. Repeating this
subjects comparable to the AD group on age and educatiomnalysis for hippocampus normalized to total intracranial

volume yielded a similar result=(3,90 = 0.31,p > .5],
Procedures indicating that volume measurements in this study were not

) ) . o skewed by systematic errors from the different scanners.

AII supjects repelved a _comp_rehenswe C|InIC§.| assessment |mage acquisition and segmentation methods have been
including detailed medical history, neurologic exam, de-previously described (Fein et al., 2000; Mungas et al., 2001).

A computer algorithm was used to classify brain MRI pix-
Table 1. Characteristics of the study sample and a comparison els first into principal tissue types of gray matter, white
sample of 43 normal elderly controls matter, and cerebrospinal fluid. Subsequently, an operator-
guided computer algorithm was applied to further sub-
divide gray matter into cortical and subcortical gray matter,
Variable M (SD) M  (SD) and white matter into white matter lesions and normal ap-
pearing white matter. In addition, total intracranial volume

METHODS

Research Participants

AD Controls

Age 75.6 (7.3) 745 (7.5) ) ) o .
Education 151 (3.5) 156 (3.1) was _computed by.summ_mg over all pixels within the m_tra—
MMSE 219 (42 291 (L5) cranial yault. Re_gmn of interest volumes were normallzed
MAS Total Immediate Recall ~ 27.0 (8.5)*  56.3 (10.0) tO total intracranial volume to control for variation in head
MAS Trial 6 53 (1.9% 11.3 (1.2) Size. Normalization of regions of interest volumes was ac-
MAS Delayed Recall 1.7 (2.3 10.5 (1.6) complished by multiplying each volume by the ratio of the
Total cortical gray matter (cc) 465.3 (35.8)** 528.3 (31.0) average control group total intracranial volume (1,337 cc)
WMSH (cc) 13.7 (15.2)* 6.6 (8.9) to that particular subject’s total intracranial volume.
Hippocampal volume (cc) 35 (0.9 4.7 (0.5)  White matter signal hyperintensities appear as hyper-

intense areas on T-2 weighted MRI in the periventricular
*p < .01. **p < .001. hi q iovale. Th lesi
MMSE = Mini-Mental State Exam; MAS= Memory Assessment Scale; white matter .an centrum semiova e; .ese esions mf'"y
WMSH = white matter signal hyperintensity. represent variable degrees of demyelination, edema, or in-
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farction. White matter signal hyperintensity volumes wereTable 2a. MRI predictors of immediate recall
log-transformed to normalize the distribution.

Semi-automated hippocampal volumetry was carried out B t p value
using a commercially available high dimensional brainHippocampus 078 531 599
mapping tool (Medtronic Surgical Navigation Technolo- Cortical gray .520 3.471 .001
gies, Louisville, CO), that has been recently validated andvVMSH —.025 —.167 .868

compared to manual tracing of the hippocampus (Hsu et al=;
2002). Measurement of hippocampal volume is achieved

first by placing manually 22 control points as local land-

marks for the hippocampus on the individual brain MRIs: Table 2b. MRI predictors of delayed recall after controlling for
one landmark at the hippocampal head, one at the tail, anichmediate recall

four per image (i.e., at the superior, inferior, medial and

lateral boundaries) on five equally spaced images perpen- B t p value
dicular to the long axis of the hippocampus. Second, fluidrrial 6 580 4.242 .000
image transformation was used to match the individual brainslippocampus 277 2.170 .038
to a template brain, and pixels corresponding to hippocam€ortical gray .075 557 .582
pus were labeled and counted to obtain volumes (ChrisWMSH .058 448 .657

tensen et al., 1997). This method of hippocampal voluming
has well documented reliability, with intraclass coefficients

of .94 (Hsu et al., 2002).
tially bias the results of the multiple regression. Conse-

. guently, we repeated the regression analyses using only those
Statistical Analyses subjects that recalled one or more item during the delayed
Multiple regression was used to determine which MRI vari-recall trial. Despite the reduction in statistical power, the
ables best predicted immediate and delayed memory. Fdesults were unchanged. After the final learning trial ac-
immediate memory, imaging variables were entered simulcounted for 42.8% of the variance, hippocampal volume
taneously into the regression in a single step. For delaye@xplained an additional 20.898(= .47;t = 2.83,p < .05).
memory, a multi-stage multiple regression was used to confhe relationship between hippocampal volume and delayed
trol for initial acquisition. The first stage of the model was recall (after partialling out the variance associated with the
a baseline model in which recall on the last list learningfinal learning trial) is shown in Figure 1. Delayed recall
trial was entered. In the second stage, MRI variables werwas correlated both with left hippocampus= .54,p <
entered simultaneously. .05) and with right hippocampus & .61,p < .05).

RESULTS DISCUSSION

The first set of analyses examined MRI predictors of im-One important finding from the present study is that the
mediate free recall (see Table 2). Multiple regression indi+elationship between MRI brain volumes and memory in
cated that cortical gray matter was the only significant
predictor of immediate free recall, with 29.1% of the vari-
ance explainedg = .52;t = 3.47,p = .001). Hippocampal 4
volumes did not add any predictive value to the model. The
contribution of cortical gray matter to immediate free recall = 3
remained significant even when MMSE was forced into theg 2 +
regression model prior to entering cortical gray matter. % ' "
A different pattern emerged when delayed recall was th(§ . ., i
K 0 . : & 0 - -
dependent variable. Although 41.3% of the variance in de / X

layed recall was explained by the number of words recalle(s 4
during the final learning trial, hippocampal volume ex-
plained an additional 7.6% of the variancg € .28;t =
2.24,p < .05). Cortical gray matter and white matter signal s *
hyperintensities did not make a significant contribution to
the variance. The contribution of hippocampal volume to
delayed recall remained significant even when MMSE was
forced into the regression model prior to entering hippo-
campal volume. Fig. 1. Scatterplot of the relationship between hippocampal vol-

Twenty of the AD subjects had zero free recall after theume and delayed recall (residualized after controlling for the last
delay, producing a skewed distribution that could poten-acquisition trial).

esidua
a
\

Hippocampal Vohnne
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AD varies depending on which component of episodic memnot reach statistical significance. The reasons for the dis-
ory is assessed. Initial acquisition of verbal material overcrepant findings are not clear, but may be due to different
six learning trials was best predicted by cortical gray matteisamples. They studied memory-impaired subjects with mixed
volume. Cortical gray matter volume reflects the degree oktiologies, including Korsakoff’s, brain tumors, herpes en-
cortical atrophy, with smaller cortical gray matter volume cephalitis, hypoxic insult, and frontal lesions. In addition,
indicating greater cortical atrophy. In AD, cortical gray mat- they only reported on univariate analyses between single
ter correlates significantly with overall cognitive function- measures of memory and single MR regions of interest.
ing and degree of dementia, and thus can be viewed as a Although the current study controlled for the effect of
marker of dementia severity (Fein et al., 2000; Mungasmmediate recall on delayed recall, there was insufficient
et al., 2001). When cortical gray matter, hippocampalstatistical power to also control for demographic variables
volumes and white matter signal hyperintensities were silike age, sex, and education that might also predict delayed
multaneously entered into a regression model predictingecall. The effects of age would be particularly important to
immediate recall, only cortical gray matter volume ex-evaluate, since both memory and hippocampal volumes de-
plained a significant proportion of the variance. This find- cline with age. In addition, the relationship between de-
ing highlights the importance of including non-hippocampallayed recall and hippocampal volumes was observed for
structures in correlational studies of memory (Cahn et al.patients with AD. Further studies are needed to determine
1998; Kopelman et al., 2001) and is consistent with othewhether this relationship is found in other groups, includ-
studies that have shown specificity in the relationship being normal aging and non-AD neurodegenerative conditions.
tween memory and medial temporal structures (Cahn et al., In summary, we describe the relationship between hippo-
1998; Fama et al., 1997) . campal volumes and retention of verbal information over
The lack of a significant relationship between immediatedelays. Importantly, these relatively specific contributions
memory and hippocampal volumes is consistent with somef hippocampal atrophy could be detected in a disorder that
other studies that have reported that hippocampal volumeauses widespread destruction of cortical structures critical
was more strongly related to delayed recall than immediatéo a variety of cognitive functions. This suggests that fail-
recall (Kohler etal., 1998; O’Driscoll et al., 2001). The fact ure of delayed memory may serve as a reasonably specific
that hippocampal volumes did not predict immediate mem:marker of hippocampal dysfunction, whereas impaired im-
ory in this study should not be misconstrued to imply thatmediate recall may reflect injury to other brain regions in-
there is no relationship between hippocampus and immedivolved in attention, organization, and modality-specific
ate memory. Significant correlations between hippocampaprocessing. This study also highlights the importance of
volume and immediate recall have been reported in severditactionating episodic memory into its component parts,
studies (Hackert et al., 2002; Kopelman et al., 2001; Laaksand simultaneously considering multiple brain structures
et al., 1995; Petersen et al., 2000). The likely reason for thevhen studying brain—behavior relationships.
discrepant findings is that the current study simultaneously
considered the contribution of other brain structures that
explained much of the variance in immediate recall. ACKNOWLEDGMENTS
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