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Abstract: Background: Cerebral small vessel disease (SVD) and hippocampal atrophy are related to verbal
memory failures and may ultimately result in Alzheimer’s disease. However, verbal memory failures are
often present before structural changes on conventional MRI appear. Changes in microstructural integrity
of the hippocampus, which cannot be detected with conventional MRI, may be the underlying pathological
substrate. With diffusion tensor imaging (DTI), we investigated the relation between the microstructural
integrity of the hippocampus and verbal memory performance in 503 nondemented elderly with SVD.
Methods: The Radboud University Nijmegen Diffusion tensor and Magnetic resonance imaging Cohort
study is a prospective cohort study among 503 nondemented elderly with cerebral SVD aged between 50
and 85 years. All participants underwent T1 MPRAGE, fluid-attenuated inversion recovery, DTI scanning
and the Rey Auditory Verbal Learning Test. After manual segmentation of the hippocampi, we calculated
the mean diffusivity (MD) and fractional anisotropy in both hippocampi. The relation between memory
performance and hippocampal DTI parameters was adjusted for age, sex, education, depressive symptoms,
hippocampal, and white-matter lesions volume and lacunar infarcts. Results: We found inverse relations
between hippocampal MD and verbal memory performance (b ¼ �0.22; P < 0.001), immediate recall (b ¼
�0.22; P < 0.001), delayed recall (b ¼ �0.20; P < 0.001), and forgetting rate (b ¼ �0.13; P ¼ 0.025), most
pronounced in participants with a normal hippocampal volume. Conclusion: Microstructural integrity of
the hippocampus assessed by DTI is related to verbal memory performance in elderly with SVD, also
in participants with an intact appearing hippocampus. Changes in hippocampal microstructure may be
an early marker of underlying neurodegenerative disease, before macrostructural (i.e., volumetric)
changes occur. Hum Brain Mapp 33:542–551, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Cerebral small vessel disease (SVD) includes white-
matter lesions (WML) and lacunar infarcts. The prevalence
of SVD in the general population over 60 years is high [de
Leeuw et al., 2001; Vernooij et al., 2007]. Both patient and
population-based studies have shown that cerebral SVD is
an important cause of verbal memory failure and may ulti-
mately result in cognitive decline associated with Alzhei-
mer’s disease (AD) in some [de Groot et al., 2000b, 2002;
Vermeer et al., 2003].

In the brains of patients with AD, atrophy of the
hippocampus is one of the first observed changes
[Braak and Braak, 1991]. Interestingly, the progression
of hippocampal atrophy is related to the presence and
progression of cerebral SVD [de Leeuw et al., 2004,
2006]. Generally, its presence is supportive for the diag-
nosis of AD and indicative for the future development
of AD in patients with mild cognitive impairment
(MCI) [Dubois et al., 2007; Korf et al., 2004]. Hippocam-
pal atrophy underlies the profound deficit in the con-
solidation of memory in AD [Squire et al., 2004], that
is, long-term encoding and storage of relevant new
information.

However, these macroscopic structural hippocampal
changes on conventional MRI occur at a relatively late
stage and are usually preceded by clinical symptoms
including subjective cognitive failures, verbal memory
decline, and problems in other cognitive domains [van
Norden et al., 2008]. Conceptually, there must be changes
in the microstructural integrity of the hippocampus before
macroscopic loss of volume occurs. Diffusion tensor imag-
ing (DTI) can provide more detailed information on the
microstructural integrity of the hippocampus. DTI pro-
vides amongst other possibilities two scalar parameters:
mean diffusivity (MD), a measure of the magnitude of
diffusion of water averaged in all spatial directions, and
fractional anisotropy (FA), which provides information
about the directionality of water diffusion [Basser et al.,
1994; Pierpaoli et al., 1996]. DTI is usually used to assess
microstructural integrity of the white matter in which
damage to the white matter has found to be accompanied
by an increase in MD and a decrease in FA [Charlton
et al., 2006; Kraus et al., 2007], but there are a number
of reports showing its usefulness in the assessment of
(predominantly) gray-matter structures [Fellgiebel et al.,
2004; Kantarci et al., 2002, 2005; Muller et al., 2007]. There
is some evidence of a higher diffusion in the hippocampus
in MCI and AD patients that are independent of hippo-
campal atrophy and WML [Fellgiebel et al., 2004; Kantarci
et al., 2002].

More importantly, two studies have shown that hippo-
campal MD measures were superior to volume measures
in predicting clinical progression to dementia in MCI
patients [Kantarci et al., 2005; Muller et al., 2007]. How-
ever, to date, the role of hippocampal DTI measurements
has never been investigated in the light of specific proc-
esses of verbal memory function in nondemented elderly,
focusing on encoding, storage, and retrieval and to detect
early changes in hippocampal microstructure even before
macrostructural changes occur and the relation with early
impairment of verbal memory.

In the present study, the relation between hippocampal
DTI measures and verbal memory processes is examined,
independent of hippocampal volume (HV) and SVD, in
503 nondemented, independently living elderly with cere-
bral SVD, aged between 50 and 85 years.

METHODS

Study Population

The Radboud University Nijmegen Diffusion tensor and
Magnetic resonance imaging Cohort (RUN DMC) study is
a prospective cohort study that was designed to investi-
gate risk factors and cognitive, motor, and mood conse-
quences of functional and structural brain changes as
assessed by structural MRI, DTI, and resting state fMRI
among independently living nondemented elderly with
cerebral SVD.

In people with cerebral SVD symptoms are due to ei-
ther complete (lacunar syndromes) or incomplete infarc-
tion (WML) of subcortical structures that might lead to
acute symptoms as transient ischaemic attacks (TIAs) or
lacunar syndromes, or subacute manifestations as cogni-
tive, motor (gait), and/or mood disturbances [Roman
et al., 2002]. As the onset of cerebral SVD is often insidi-
ous, clinically heterogeneous, and typically with mild
symptoms, it has been suggested that the selection of
people with cerebral SVD in clinical studies should be
based on the more consistent brain-imaging features
[Erkinjuntti, 2002].

Accordingly, in 2006, consecutive individuals who vis-
ited the department of neurology between October 2002
and November 2006 were selected for possible participa-
tion. Inclusion criteria were (a) age between 50 and 85
years; (b) cerebral SVD on neuroimaging; and (c) acute
(n ¼ 219) or subacute (n ¼ 284) clinical symptoms of SVD
as assessed by standardized structured assessments.
Patients who were eligible because of a lacunar syndrome
were included only >6 months after the event to avoid
acute effects on the outcomes.
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Exclusion criteria were (a) dementia; (b) parkinson(-ism)
according to the international diagnostic criteria [Gelb
et al., 1999; McKhann et al., 1984; Roman et al., 1993];
(c) life expectancy of less than 6 months; (d) intracranial
space occupying lesion; (e) (psychiatric) disease interfering
with cognitive testing or follow-up; (f) recent or current
use of acetylcholine-esterase inhibitors, neuroleptic agents,
L-dopa, or dopa-a(nta)gonists; (g) WML mimics (e.g., mul-
tiple sclerosis and irradiation induced gliosis); (h) promi-
nent visual or hearing impairment; (i) language barrier;
and (j) MRI contraindications or known claustrophobia.

From 1,004 invited individuals by letter, 727 were eligi-
ble after contact by phone of whom 525 agreed to partici-
pate. In 22 individuals, exclusion criteria were found
during their visit to our research center (14 with unex-
pected claustrophobia, one died before MRI scanning, one
was diagnosed with multiple sclerosis, in one there was a
language barrier, one participant fulfilled the criteria for
Parkinson’s disease, and four met the dementia criteria)
[Gelb et al., 1999; McKhann et al., 1984; Roman et al.,
1993], yielding a response of 71.3% (503/705). These 503
individuals had symptoms of TIA or lacunar syndrome
(n ¼ 219), cognitive disturbances (n ¼ 245), motor distur-
bances (n ¼ 97), depressive symptoms (n ¼ 100), or a com-
bination thereof. All participants signed an informed
consent form. The Medical Review Ethics Committee
region Arnhem-Nijmegen approved the study.

Conventional MRI Scanning Protocol

All participants underwent a 1.5-T MRI scanning on the
same Magnetom scanner (Siemens, Erlangen, Germany).
The protocol included the following whole brain scans: T1
3D MPRAGE imaging (TR/TE/TI 2,250/3.68/850 ms; flip
angle 15�; voxel size 1.0 � 1.0 � 1.0 mm); fluid-attenuated
inversion recovery (FLAIR) pulse sequences (TR/TE/TI
9,000/84/2,200 ms; voxel size 1.0 � 1.2 � 5.0 mm, with an
interslice gap of 1 mm); DTI (TR/TE 10,100/93 ms; voxel
size 2.5 � 2.5 � 2.5 mm; four unweighted scans, 30
diffusion-weighted scans with b-value 900 s/mm2). The
complete protocol took 31 min.

Conventional MRI Analysis

Hippocampus and intracranial volumetry

One experienced investigator, blinded to clinical data
(IvU), manually segmented the left and right hippocampus
on the MPRAGE image using the interactive software pro-
gram ‘‘ITK-SNAP’’ [Yushkevich et al., 2006]. Anatomical
boundaries were determined in coronal sections with the
aid of neuroanatomical atlases [Duvernoy, 1997; Mai et al.,
2007], and actual segmentation was performed using a
previously published protocol [Geuze et al., 2005] in which
segmentation was performed from posterior to anterior.
The posterior border of the hippocampus was identified in
the slice before the level in which the crurae fornices
appeared in full view. The anterior border of the hippo-

campus was defined as the slice in which the hippocam-
pus was no longer present, and the amygdala fully
covered the hippocampus [General Brain Segmentation-
Method and Utilization, Version 3. Center for Morphomet-
ric Analysis 2004; Geuze et al., 2005; van de Pol et al.,
2006]. The superior border was the inferior horn of the lat-
eral ventricle, and the inferior border was determined by
the white-matter boundary. The lateral border was defined
by the temporal horn of the lateral ventricle and the
white-matter adjacent to the hippocampus.

Volumes were calculated for the left and right hippo-
campus separately by summing all voxel volumes of the
segmented areas. Interrater studies on a random sample of
10% showed an intraclass correlation coefficient for the left
hippocampus of 0.73 and for the right hippocampus of
0.79. Intrarater studies on this sample showed an intraclass
correlation coefficient for the left and right hippocampus
of 0.97 and 0.96, respectively.

For the same image, gray (GM) and white-matter (WM)
tissue and cerebrospinal fluid (CSF) probability maps were
computed using SPM5 routines (Wellcome Department of
Cognitive Neurology, University College London, UK).
Total GM, WM, and CSF volumes were calculated by sum-
ming all voxel volumes that had a P > 0.5 for belonging to
the tissue class. Intracranial volume (ICV) was taken as
the sum of total GM, WM, and CSF volume.

HV measurements were normalized to the total ICV.
The normalized hippocampal volume (NHV) is defined as
NHV ¼ ICVm � HVp/ICVp, where ICVm is the average
total ICV of all participants, ICVp is the ICV of the partici-
pant, and the HVp is the HV of the participant [Colliot
et al., 2008].

WML volumetry

WML was manually segmented on transversal FLAIR
images. WML was defined as hyperintense lesions on FLAIR
and not CSF like hypointense lesions on T1-weighted image
[Herve et al., 2005; Wahlund et al., 2001]. Two trained raters,
blinded for all clinical, cognitive, and DTI information, seg-
mented all scans. WML volume was calculated as lesion sur-
face multiplied by slice thickness. Interrater variability was
determined in a random sample of ten percent and yielded
an intraclass correlation coefficient of 0.99 for total WML vol-
ume. The FLAIR image was used to compute the co-registra-
tion parameters to the anatomical T1 image, which was then
applied to the segmentation results. All images were visually
checked for co-registration errors.

Lacunar infarcts

Lacunar infarcts were defined as hypointense areas >2
mm and �15 mm on FLAIR and T1, ruling out enlarged
perivascular spaces (�2 mm, except around the anterior
commissure, where perivascular spaces can be large)
and infraputaminal pseudolacunes [Herve et al., 2005;
Wahlund et al., 2001]. Evaluation of infarcts was
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performed by a resident in neurology blinded to all clini-
cal data with good intrarater variability with a weighted j
of 0.80. In 10% of the scans, interrater variability was cal-
culated with a weighted j of 0.88.

DTI Analysis

The diffusion-weighted images of each patient were
realigned on the unweighted image using mutual informa-
tion based co-registration routines from SPM5. Then, the
diffusion tensor [Basser et al., 1994] and its eigenvalues
were estimated using linear regression (spurious negative
values were set to zero), after which the tensor derivates
MD and FA were calculated [Basser and Jones, 2002]. The
mean unweighted image was used to compute the co-
registration parameters to the anatomical T1 image (SPM5
mutual information co-registration), which was then
applied to all diffusion-weighted images and derivates.
The mean MD and FA were then calculated in both hippo-
campi. All images were visually checked for motion arti-
facts and co-registration errors, especially for not
including perihippocampal CSF.

Measurement of cognitive function

Cognitive function was assessed by two trained investi-
gators (AvN and KdL). For this substudy, the Mini-Mental
State Examination (MMSE) (range, 0–30) [Folstein et al.,
1975] was used as an index of overall cognitive perform-
ance. The three-trial version of the Rey Auditory Verbal
Learning Test (RAVLT) [Van der Elst et al., 2005] was
administered to examine episodic memory formation.

We defined five memory indices based on RAVLT per-
formance (e.g., immediate recall, learning rate, forgetting
rate, delayed recall, and delayed recognition), as described
previously [Vakil and Blachstein, 1993]. Immediate recall
was calculated by the mean of the total number of words
remembered in the three learning trials of the RAVLT.
Learning rate was also determined by the three learning
trials of the RAVLT, in which a learning curve was esti-
mated with the following formula: [(trial 2 � trial 1/trial
1) plus (trial 3 � trial 2/trial 2)]/2. Delayed recall was the
number of words recalled 30 min after the learning trials.
Forgetting rate, as a measure of decay over time, was
obtained by the scores in the delayed recall trial corrected
for the score obtained in the third learning trial (delayed
recall – trial 3/trial 3). The delayed recognition score was
calculated by computing the total of each correctly recog-
nized word (the 15 target words among 15 new distracter
items) 30 min after the learning trials.

Performance across tests was made comparable by
transforming the raw test scores into Z-scores as described
elsewhere [de Groot et al., 2000b], for which the assump-
tion of normality of the distribution was examined. For
data reduction purposes, a compound score for global
verbal memory function was calculated, as described pre-
viously [de Groot et al., 2000b] by taking the mean of two

Z-scores from the RAVLT; one for the added scores on
three learning trials of this test and one for the delayed
recall of this test. If the test assistant encountered problems,
a code was given for test status, and the result was not
used in the calculation of the Z-scores. Separate codes were
given for lack of motivation (0.8%) or not following the
instructions (0.9%). For 98% of all participants, reliable com-
pound scores for global verbal memory performance could
be calculated without any recording of test problems.

Other measurements

The following characteristics were considered possible
confounders: age, sex, educational level (classified using
seven categories, one being less than primary school and
seven reflecting an academic degree) [Hochstenbach et al.,
1998] and depressive symptoms. Depressive symptoms
were defined as a score � 16 on the Center of Epidemio-
logic Studies on Depression Scale [de Groot et al., 2000a;
Radloff, 1977] and/or current use of antidepressive medi-
cation [de Groot et al., 2000a].

Statistical analysis

Statistical analyses were performed with SPSS 16.0 for
Windows (SPSS, Chicago, IL). Baseline characteristics were
summarized as means (standard deviations; SD) or pro-
portions for skewed variability parameters the median,
and the interquartile range was calculated.

We used multiple linear regression analyses to investi-
gate the relation between hippocampal DTI (FA/MD)
parameters (left and right separately) and global verbal
memory performance as well as with subprocesses of
verbal memory performance. Adjustments were made for
potential confounders including age, sex, educational level,
depressive symptoms, hippocampal, and WML volume
and the presence of lacunar infarcts. Next, we calculated
estimated mean scores of global verbal memory perform-
ance per tertile of hippocampal MD by the analysis of co-
variance (ANCOVA), adjusted for the same potential
confounders. To identify whether these microstructural
changes precede macroscopic HV loss, we investigated the
relation (linear regression analysis) between hippocampal
DTI measures and global verbal memory performance
stratified on low (lowest tertile of the distribution) versus
normal HV (upper two tertiles) adjusting for the same con-
founders as the previous analysis. If so, we would expect
a significant relation between hippocampal DTI measures
and global verbal memory performance, particularly in the
group with still intact (normal) HVs. Regression coeffi-
cients are presented as standardized b-values.

All assumptions for ANCOVA analysis were tested and
verified for all measures. For the trend analysis of the
ANCOVA results, tertiles of hippocampal MD were con-
sidered as a continuous variable in a multiple linear
regression model.
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RESULTS

Of the 503 participants, three were excluded because of
DTI motion artefacts and one because of an automatic
segmentation problem that could not be solved manually.
Demographic and neuroimaging characteristics of 499 par-
ticipants are shown in Table I. Mean age of the population
was 65.6 years (SD 8.8), 56.5% were males, and mean
MMSE was 28.1 (SD 1.6).

The relation between left and right hippocampal DTI
parameters and the performance on global verbal memory
as well as on the subprocesses of memory is shown in
Table II. The model that included all confounders
explained about 22.3% of the variance of the global mem-
ory performance, adding hippocampal MD increased the
R square to about 0.25, a relative increase of about 12%.
MD in the left and right hippocampus showed a
significant relation with the compound score of the global
verbal memory performance (b ¼ �0.18, P ¼ 0.001 and
b ¼ �0.21, P < 0.001). Analyses of the specific components
of the RAVLT demonstrated significant relations with
immediate recall (b ¼ �0.19, P ¼ 0.001 and b ¼ �0.19, P <
0.001), delayed recall (b ¼ �0.16, P ¼ 0.005 and b ¼ �0.20,
P < 0.001), and delayed recognition (b ¼ �0.17, P ¼ 0.003
and b ¼ �0.14, P ¼ 0.013) and the MD of the left and right
hippocampus, independent of the confounders. The MD in
the right hippocampus and total hippocampus showed a
relation with forgetting rate (b ¼ �0.15, P ¼ 0.013 and b ¼
�0.14, P ¼ 0.027). The relation between hippocampal FA
values and memory performance was less evident, but were
most pronounced for the left hippocampus (Table II). We
did not find essential differences in standardized betas and

TABLE I. Demographic characteristics of the 499

participants

Baseline characteristic

Age (years) 65.6 (8.8)
Sex (male, n (%)) 282 (56.5%)
Participants with only primary education 49 (9.8%)
CES-D 11.0 (9.4)
Participants with depressive symptomsa 166 (33%)

Cognitive function

MMSE 28.1 (1.6)
Rey auditory verbal learning test: number of words recalled
Immediate recall

Trial 1 5.1 (1.8)
Trial 2 7.2 (2.3)
Trial 3 8.6 (2.6)
Total trial 1–3 20.9 (6.0)

Learning rate 0.36 (0.24)
Delayed recall 5.8 (3.1)
Forgetting rate �0.34 (0.25)
Delayed recognition 26.7 (3.5)

Neuroimaging characteristics

WML volume 7.1 (3.4;18.1)
Normalized hippocampal volume 6.8 (0.9)
Left normalized hippocampal volume 3.5 (0.5)
Right normalized hippocampal volume 3.3 (0.5)

Presence of lacunar infarcts (n, %) 171 (34)

MMSE, Mini-Mental State Examination; CES-D, Centre of Epide-
miological Studies on Depression Scale; WML, White matter
lesions.
Values are means (SD), n (%), medians (interquartile range) or ml
for the neuroimaging characteristics.
aDefined as CES-D scores �16 and/or the current use of antide-
pressive medication.

TABLE II. The relation between hippocampal DTI parameters and the sub-processes of verbal memory function as

measured with the Rey Auditory Verbal Learning Test (RAVLT)

Hippocampus

Left Right Total

MD FA MD FA MD FA

Global verbal memory performance �0.18** 0.10* �0.21** 0.04 �0.22** 0.07
Immediate memory
Trial 1 �0.16** 0.03 �0.12* 0.01 �0.16** 0.03
Trial 2 �0.16** 0.07 �0.18** 0.03 �0.19** 0.06
Trial 3 �0.18** 0.12* �0.20** 0.09* �0.21** 0.12*
Total trials 1–3 �0.19** 0.09* �0.19** 0.06 �0.21** 0.08

Learning rate �0.08 0.02 �0.01 0.05 0.04 0.04
Delayed recall �0.16** 0.09* �0.20** 0.03 �0.20** 0.06
Forgetting ratea �0.10 0.04 �0.15* 0.03 �0.14* 0.01
Delayed recognition �0.17** 0.03 �0.14* 0.01 �0.17** 0.02

Numbers represent regression coefficients (standardized beta’s), adjusted for age, sex, educational level, depressive symptoms, hippo-
campal, and WML volume and the presence of lacunar infarcts.
*P < 0.05

**P < 0.01
aHigher test scores reflect a less negative forgetting rate, that is, a better performance.
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P-values between men and women separately performing
the same analyses. We could not demonstrate a sex differ-
ence in lateralization of verbal memory performance.

There was no relation between hippocampal DTI param-
eters and learning rate.

When stratified on tertiles of hippocampal MD, higher
MD values, represented by a higher MD tertile, for both
left and right hippocampus were related to worse per-
formances on immediate recall (Ptrend ¼ 0.001 and Ptrend <
0.001), delayed recall (Ptrend ¼ 0.006 and Ptrend ¼ 0.001),
and forgetting rate (Ptrend ¼ 0.057 and Ptrend ¼ 0.035) after
adjusting for possible confounders (see Fig. 1). Again, no
significant relation was found for the learning rate.

Table III shows the relation between hippocampal DTI
parameters and global verbal memory performance in par-
ticipants with a low or normal HV. The relation was most
striking for MD values in participants with normal HVs
for left (b ¼ �0.15, P ¼ 0.02), right (b ¼ �0.24, P < 0.001),
and total (b ¼ �0.21, P ¼ 0.002) hippocampus, independ-
ent of earlier mentioned confounders. This relation was
also found for MD in the left hippocampus in partici-
pants with a low HV. The FA of the hippocampus in
participants with low or normal HV did not correlate with
global memory function.

DISCUSSION

Our findings demonstrate that early changes in hippo-
campal integrity are related to reduced global verbal mem-
ory function, specifically immediate and delayed recall,
delayed recognition and forgetting rate, independent of
depressive symptoms, hippocampal, and WML volume
and lacunar infarcts in 499 participants with cerebral SVD.
These findings are in line with the notion that the hippo-
campus is crucial for the acquisition of new knowledge
that has to be recalled (i.e., episodic memory formation).
Our data demonstrate that microstructural integrity of the
hippocampus beyond the detection limit of conventional
MRI is related with episodic memory formation. The find-
ings clearly show that episodic memory formations—
specifically, the encoding and storage of new informa-
tion—are related to hippocampal integrity. Although it is
difficult to isolate encoding as a process using a standard
word-list paradigm, the encoding stage is most promi-
nently reflected in the immediate recall index of the
RAVLT [Babiloni et al., 2009; Vakil and Blachstein, 1993].
We demonstrate that hippocampal integrity is related to
immediate recall, which is in line with neuroimaging stud-
ies showing that the hippocampus is implicated in verbal
encoding, predicting later successful recall [Strange et al.,
2002]. Storage of information is reflected by various indi-
ces on the RAVLT [Vakil and Blachstein, 1993]. In general,
successful recall after learning depends on adequate stor-
age of information. However, the forgetting rate (delayed
free recall performance compared to the amount of previ-
ously learned information) may also be confounded by a

retrieval deficit, that is, the inability to access previously
stored information. Cued-recall paradigms have been
developed to facilitate access to previously acquitted infor-
mation (e.g., the recognition trial on the RAVLT). Our
findings show a relation between hippocampal integrity
and free delayed recall, forgetting rate, and delayed recog-
nition, clearly showing a crucial role for the hippocampus
in the storage of information that is independent from a
retrieval deficit. These findings support recent neuroimag-
ing evidence indicating that the hippocampus is crucial for
the successful performance on recognition memory para-
digms [Heun et al., 2006; Wais et al., 2006]. With respect
to lateralization effects, our results suggest a mild laterali-
zation for hippocampal DTI measures and verbal memory
performance. This is in line with previous findings from
functional neuroimaging studies and lesion studies
[Strange et al., 2002]. Additional analyses on possible sex
differences in lateralization of verbal memory performance
showed no significant findings related to sex. Research
investigating the effects of sex on lateralization of verbal
(memory) function shows some mixed results, with some
studies demonstrating sex differences in which men have
a left predominance and women a more bilateral represen-
tation [Shaywitz et al., 1995]. However, these findings
have not been replicated in an extensive meta-analysis
demonstrating no consistent evidence for more bilateral
representation of verbal function in women than men
[Sommer et al., 2004] as well as in a functional MR imag-
ing study [Haut and Barch, 2006].

Some methodological issues need to be considered.
Although our data are derived from the largest DTI study
thus far, they are cross-sectional in nature preventing us
from drawing conclusions with respect to causality.
Follow-up examination of this cohort is already planned to
investigate whether early microstructural changes in the
hippocampus correlate with the development of hippo-
campal atrophy, MCI, and eventually AD.

We found that the relation between FA and memory
performance is less strong than for MD. This may be due
to the fact that FA is a measure reflecting the dominant
directionality of diffusion of water. Because of the size of
our region of interest (the hippocampus), multiple fibers
are present that may all have different directions, which
influence the FA. Because of that intrahippocampal fiber
incoherence, low FA may not necessarily reflect underly-
ing lower structural integrity [Pierpaoli et al., 1996]. In
contrast, MD is affected by fiber crossing to a lesser extent,
because it reflects magnitude of water diffusion, which is
not influenced by direction. Subsequently, MD remains rel-
atively constant [Pierpaoli et al., 1996]. This might be the
explanation for the lack of finding with FA but not with
MD. These complications in the analyses of FA in the hip-
pocampus were also reported by others looking at MCI and
AD patients [Fellgiebel et al., 2004]. In that study, they tried
to take this into account by considering smaller regions of
interest in the hippocampus, but still found a low sensitiv-
ity for FA values in contrast to MD [Fellgiebel et al., 2006].
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The strengths of our study include its large size with a
high-response rate of over 70% to participate of all those
were eligible. In addition, it is a single-center study in
which MRI data were identically acquired on a single
scanner, and the hippocampus and WML were assessed
volumetrically in a reliable, sensitive, and objective way
by two trained experts, who were blinded to all clinical
data. Furthermore, we used extensive adjustment for pos-

sible confounders such as educational level, depressive
symptoms, a well-known confounder in cognitive perform-
ance in elderly with SVD [de Groot et al., 2000a], hippo-
campal, and WML volume and lacunar infarcts.

To the best of our knowledge, there are no other studies
investigating the relation between hippocampal DTI
parameters and verbal memory function in nondemented
elderly. A few studies have assessed DTI measurements in

Figure 1.

Mean scores on subprocesses of memory performance per tertile of hippocampal MD adjusted

for age, sex, educational level, depressive symptoms, hippocampal, and WML volume and the

presence of lacunar infarcts.
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the hippocampus of MCI and AD patients [Fellgiebel
et al., 2006; Muller et al., 2007]. In line with these studies,
we found that a measurable change in structural integrity
is observed together with a decline in verbal memory
performance before changes in HV are observed. DTI
parameters in the hippocampus were found to discrimi-
nate between early phases of cognitive decline (MCI) and
normal aging. Patients with more advanced cognitive
decline (i.e., AD) could only be discriminated based on
their lower HV compared to controls and not by differen-
ces in diffusivity [Kantarci et al., 2002]. The same investi-
gators also found that high diffusivity in the hippocampus
and low HV was related to an increased risk for conver-
sion of MCI in AD, with diffusivity being a stronger pre-
dictor than volume [Kantarci et al., 2005]. In these studies,
additional adjustments were made only for age, sex, and
education. Specific processes of episodic memory perform-
ance as in our study, which represent a more sensitive
measure for cognitive decline than a clinical diagnosis of
MCI or AD based on clinical diagnostic criteria [McKhann
et al., 1984; Morris et al., 2001], were not taken into
account. A further difference with our study was the
mean age of their study group that was around 80 years
[Kantarci et al., 2005]. Furthermore, they demonstrated
that baseline hippocampal MD is associated with conver-
sion to AD rather than HV [Fellgiebel et al., 2006]. Others
demonstrated a higher sensitivity of hippocampal DTI pa-
rameters than HV measures in the diagnosis of MCI [Mul-
ler et al., 2007]. However, participants with relevant
cerebrovascular disease (e.g., cortical infarcts, multiple
lacunar infracts, and leukoaraiosis) were excluded in these
studies in contrast to our study. Consequently, these may
have a limited external validity as over 50% of AD
patients have WML to some extent [Launer et al., 2008;
Neuropathology group, MRC CFAS, 2001]. In our study
population, SVD was present in some degree in all partici-
pants, making our findings more representative.

Interestingly, the relation between hippocampal integrity
and verbal memory function was also found in participants
without loss of HV as assessed by structural MRI. Although
there is abundant evidence that episodic memory formation

is impaired by patients with hippocampal lesions or atro-
phy, such as early AD, and functional neuroimaging studies
also indicate a crucial role for the medial temporal lobe
including the hippocampus [Squire et al., 2004], this is the
first study to demonstrate, using DTI, such a relationship in
older people without apparent hippocampal pathology
using DTI. This may indicate that microstructural changes
assessed by DTI in the hippocampus indeed precede struc-
tural changes as assessed by conventional MRI, this must
be unraveled by the follow-up examination.

The relation between DTI parameters and verbal memory
function was less striking in participants with low HVs.
This could be because at the time that atrophy occurs, the
structural changes (atrophy) are more prominently corre-
lated with verbal memory performance than the microstruc-
tural changes. This line of reasoning is in agreement with
the results of others demonstrating that diffusion parame-
ters of the hippocampus can differentiate between MCI and
controls, but could not classify AD [Kantarci et al., 2002], as
well as studies showing that hippocampal DTI parameters
in patients with MCI correlated with disease progression to
AD [Fellgiebel et al., 2006; Kantarci et al., 2005].

Future studies should prospectively investigate the pre-
dictive value of DTI parameters of the hippocampus before
the development of hippocampal atrophy and incident cog-
nitive decline and dementia. To extrapolate our results,
future studies should include participants from the general
population. When proven, DTI of the hippocampus could
possibly play a role as a surrogate marker for disease pro-
gression and could as such be used in therapeutic trials.
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