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Structural correlates of mild cognitive impairment

Henrike Wolf2%* Anke Hense?, Frithjof KruggelP, Steffi G. Riedel-Helle?,
Thomas Arendt, Lars-Olof Wahlund, Hermann-Josef Gerfz

a Department of Psychiatry, University of Leipzig, Leipzig, Germany
b Max-Planck-Institute of Cognitive Neuroscience, Leipzig, Germany
¢ Paul-Flechsig Institute for Brain Research, University of Leipzig, Leipzig, Germany
d Neurotec Department, Division of Clinical Geriatrics, Karolinska Institutet, Huddinge University Hospital, S-14186 Huddinge, Sveden

Received 22 October 2002; received in revised form 29 July 2003; accepted 28 August 2003

Abstract

The structural correlates of mild cognitive impairment (MCI) were examined in 105 elderly subjects whose cognitive function ranged
from intact to demented, including 38 subjects with MCI. Hippocampal volumes (left and right HcV), brain volume (BV), and grey matter
volume (GMV) and white matter volume (WMV) were segmented from high resolution magnetic resonance data sets and normalised
to intracranial volume (ICV). Hippocampal volume reductions, but not global brain, white or grey matter atrophy, were associated with
MCI. White matter lesion severity did not differ over cognitive states. In multiple logistic regression models, normalised HcV and ICV
(indicating premorbid brain volume) were significant predictors of MCI versus normality. Normalised BV and ICV significantly predicted
dementia versus MCI. Absolute volumetric measures of HcV and BV yielded comparable classification accuracies. Hippocampal atrophy
may be the crucial step for the transition from normality to MCI. Widespread brain atrophy may be the step to determine the transition
from MCI to dementia. Brain volume reserve effects appear to be involved in both of these steps.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction Alzheimer pathology5] have been most intensively studied
in MCI.

Cognitive deficits that are not severe enough to fulfil de-  Atrophy of the hippocampus has been identified as the
mentia criteria are a common phenomenon in elderly sub- most consistent finding in a handful of studies applying
jects. This transitional zone between normal ageing and de-structural imaging with volumetry to heterogeneous pop-
mentia has been referred to in broad terms as “mild cog- ulations with MCI[10,11,13,14,34,57,60,64Atrophy of
nitive impairment” (MCI). Despite various definitions and other limbic structures, such as the entorhinal cortex and/or
concepts used in this research field, it is generally agreedparahippocampal gyryd0,11,13,14,34,64jamygdalg16]
that subjects with MCI are at increased risk of dementia. and cingulate cortex20,33] may also be associated with
Alzheimer’'s disease (AD) appears to be the far most com- MCI. However, fewer studies and some controversial results
mon cause of progressive cognitive decline in elderly sub- [14,34,64]exist with regard to these structures.
jects, but MCI may also be prodromal in other dementia dis- Only few studies have focussed on other brain struc-
orders[45]. In a varying but not trivial proportion of MCI  tures and more widespread atrophy patterns in MCI. De-
subjects, the cognitive impairment may either improve or spite occasional reports of reduced global grey matter vol-
remain stable over timg,43,50] ume (GMV) [14] or atrophy in multiple neocortical areas

Subjects with MCI are being used in a growing number of [8,33], the magnitude of these studies imply that global
neuroimaging studies. Many of these have focussed on pos-brain, white or grey matter atrophy is not usually pronounced
sible early predictors of AD in subjects with MCI. Therefore, in MCI [8,10,11,19,56,60]However, atrophy in neocorti-
the brain structures that are known to be affected early by cal temporal lobe areaf®] as well as more widespread

(“global”) brain atrophy[20], may be the steps that de-
"+ Corresponding author. Tel:46-8-585-89783: fax:46-8-585-85470.  termine the decline to dementia in subjects suffering from
E-mail address: henrike.wolf@neurotec.ki.se (H. Wolf). MCI.
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Volumetric studies in the field of MCI have usually inter- tive continuum, subjects with mild cognitive deficits are
preted volume differences over cognitive states as an indi- over-represented in this neuroimaging study as compared
cation of atrophy. However, some recent studies suggestedo the total LEILA 75+ population [6]. Five additional
that such findings may also reflect premorbid differences non-demented subjects with mild cognitive deficits were
in absolute size of these structufd®,39] The vast ma- recruited from referrals to the local memory clinic. They
jority of neuroimaging studies tend to normalise absolute did not differ from the LEILA 75+ subjects with regard
volume measurements, most commonly by division by in- to demographic features, general health status and neu-
tracranial size or similar procedures. This is done to correct ropsychological performance. The non-demented subjects
for inter individual variations in head size that may consid- in this study did not differ from the corresponding LEILA
erably confound the volume of brain structuf@8]. Nor- 75+ population with regard to the prevalence of myocardial
malisation has been shown to decrease the variability of infarction (9.5% versus 10.5% = 0.8), diabetes mellitus
hippocampal measuremer2] and to provide a consider-  (20% versus 22%pP = 0.4), and stroke (9% versus 6.4%,
able advantage to neuroimaging studies with small sample P = 0.3).
size, because it makes volumetric measurements from males An age-matched “reference group” with mild to moder-
and females comparal& 29]. However, normalisationmay ate dementia was recruited from patients attending the local
“neutralise” the possible influence of premorbid brain size. Memory Clinic who had recently been diagnosed with a de-

The present study aimed to characterise the structural cor-mentia disorder. The memory clinic receives referrals from
relates of late-life cognitive impairment in a cross-sectional general practitioners and specialists in the fields of Neurol-
study. Subjects were collected to represent the cognitive con-ogy, Psychiatry and Internal Medicine in the larger city area
tinuum from normality to mild to moderate dementia. The of Leipzig, including the areas covered by LEILA¥5The
study was restricted to subjects in a narrow age range ofstudy sample included 38 subjects that were used in a pre-
75-85. A combination of clinical and psychometric criteria viously published study60].
was used for the definition of MCI. Groups were not pre  Exclusion criteria in this study were defined broadly
selected based on a priori defined diagnostic criteria. as conditions leading to the inability to participate in a

The following hypotheses were tested: neuroimaging study and/or inability to complete neuropsy-
chological tests. More specifically, such conditions were
clearly defined contraindications for MRI (i.e. pacemaker
or recent heart/brain surgery), as well as severe physical
handicap, medical, psychiatric and neurological diseases
or severe sensory deficits. A history or presence of cancer,
diabetes, heart disease, stroke, Parkinson-like features and
mild depressive symptoms did not lead to exclusion from
the study. None of the subjects enrolled in this study suf-
fered from temporal lobe epilepsy, brain tumours likely to
cause cognitive deficits or major vessel infarcts.

According to clinical diagnostic criteria (described be-
low), 38 subjects in this population were assigned to the

(1) Hippocampal and global brain volumes are closely cor-
related with memory and global cognitive functions.

(2) The hippocampal volume distinguishes elderly without
cognitive impairment from elderly subjects with mild
cognitive deficits, while the degree of global brain atro-
phy distinguishes between MCI and dementia.

(3) Relative brain volumes, i.e. volumes “normalised” by
division by ICV, are superior predictors of cognitive
state as compared to absolute volumes.

2. Materials and methods subgroup MCI, i.e. their cognitive function was not normal,
but they did not fulfil dementia criteria. Thirty-two were
2.1. Subjects classified as “dementia”.

All subjects and/or their legal caregivers gave informed 2.2. Methods
written consent to participate in this study that was approved
by the local ethics committee. The subjects were collected 2.2.1. Clinical and neuropsychological assessment
to represent a characteristic sample of the elderly with a  All subjects were clinically assessed as described pre-
cognitive continuum from normality to mild/moderate de- viously [60]. Neuropsychological assessment was based
mentia within a narrow age range of 75—-85 years. Subjectson the SIDAM (Structured Interview for the Diagnosis of
were recruited from two sources: (1) the Leipzig Longitu- Dementia of Alzheimer type, Multi-infarct dementia and
dinal Study of Aging (LEILA 75+) [48] and (2) referrals ~ dementias of other aetiology according to ICD-10 and
to the local Memory Clinic. DSM-III-R) [66]. The SIDAM test performance part con-
The vast majority of non-demented subjects £ 68) sists of a neuropsychological screening battery with 55
were participants of LEILA 7% who were consecutively  questions, including all items of the Mini-Mental State Ex-
recruited for this study according to MMSE strata as pre- amination (MMSE;[17]). It yields a maximum score of 55
viously described60]. They represent approximately 10% (SDAM score or SISCO). The SISCO can be subdivided
of the non-demented LEILA 75sample in the same into several cognitive domains (orientation, immediate re-
age range. Due to the sampling procedure along a cogni-call, delayed recall, long term memory, intellectual abilities,
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verbal abilities/calculation, visuo-spatial function, and apha- 2.2.2. Neuroanatomical imaging and analysis
sia/apraxia). The composite sub score “memory” is derived
by summing the performance in the sub domains “immediate 2.2.2.1. MR aquisition. Three-dimensional (3D) T1-wei-
recall” (of numbers and words), “delayed recall” (of verbal ghted high resolution MRI brain data sets were obtained
and figural material) and “long term memory” (biographical on a Siemens Vision 1.5 T scanner using a 3D T1-weighted
memory). The maximum score in “memory” is 20. Age- and sequence (MPRAGE, TR 11.4ms, TE 4.4ms, 128 slices,
education-specific norms for the SISCO sub scores werematrix 256x 256, voxel size ® mmx 0.9 mmx 1.5mm). In
recently established using the LEILA F5oopulation[6]. addition, T2-weighted MR images were obtained (TR 5016
The presence of a dementia syndrome was defined inms, TE 132 ms, matrix 35% 512, 19 slices, 5-mm slices,
accordance with ICD-10 research critef&8]. Diagnoses  gap 1.5mm, field of view 255 mm 255 mm, transversal).
of dementia disorders were made according to ICD-10 re-
search criterig63]. Because of insufficient operationalisa- 2.2.2.2. MR analysis. Collected data sets were analysed
tion within the ICD-10, the NINDS-AIREN51] criteria  with the BRIAN systen{36]. All analyses were performed
for vascular dementia were additionally applied in all cases blind to knowledge of the cognitive state or other clinical
with a dementia syndrome. data on the subjects. First, the T1-weighted data sets were
The presence of MCI was defined as evidence of objec- aligned with the stereotactical coordinate system and inter-
tive cognitive impairment in the absence of dementia. This polated to an isotropical voxel size of 1 mm using fourth-
was based on either a Clinical Dementia Rating (CDR) of order b-spline interpolation. Second, automated segmenta-
0.5 (“questionable dementia[38] and/or impaired test per-  tions of brain compartments were performed from the whole
formance on SISCO, as defined by scores of at least 1 S.D.3D brain data set. The intracranial compartments, GMV,
below age- and education-adjusted means in one or morewhite matter volume (WMV), internal and external cisterns
cognitive sub domains. Hence, the psychometric criteria are (cerebrospinal fluid= CSF compartments) were automat-
consistent with those suggested for ageing-associated cogically determined using a boundary-guided region-growing
nitive decline[38]. Clinical and psychometric assessments procedure, as described previoufh,60] The brain vol-
were made independently. Subjective memory complaint ume (BV) was defined as the sum of the GMV and WMV.
was disregarded as a criterium for MCI. As in LEILA The intracranial volume (ICV) was defined as the sum of
75+ [7], memory complaint was only poorly associated the BV and the CSF volumeF{g. 1). Validation and reli-
with objective cognitive performance: 20 subjects clas- ability studies demonstrated high validity and re-scan and
sified as MCI in this study did not report any memory re-measure reliability (ICC 0.99 for summed volumes on
problems. repeated scans from 12 subjects) (for details[6&8.

Fig. 1. Boundary guided region growing. Example segmentation in a 78-year-old women with mild dementia in Alzheimer's disease (MMSE 22). The
brain volume was defined as the sum of white matter plus grey matter volume. The ICV was defined as the sum of internal (veritackarand
external (corticak= white) cerebrospinal fluid spaces plus the brain volume.
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Third, six cross-sections of théppocampus at 3-mm in- where RV is the relative volume aMis the absolute volume
tervals were outlined manually with a mouse driven cursor of a brain structure.
in the coronal plane (perpendicular to AC—PC line) on both
hemispheres. The first two hippocampal slices were placed2.2.2.4. Visual assessments. All visual assessments were
in the posterior part of the hippocampal head. The following performed blind to knowledge of the cognitive state or
four slices were placed in the body of the hippocampus (for other clinical data on the subjects by one rater (HW). A
details sed60]). All hippocampal measures in this study 4-point scale (0: absence; 1: mild; 2: moderate; 3: severe)
were performed by one experienced rater who was blind towas used to yield a white matter severity index for the
the clincial status of the subjects (AH). Areas 1-6 were mul- features periventricular and deep white matter hyperinten-
tiplied by slice thickness (3 mm) and summed on each side sities (PVH, DWMH), dilated perivascular spaces (DPS)
to yield the left versus right hippocampal volume estimate (from T2-weighted images), and multiple small lesions
(left versus right HcV). (ML) (from T1-weighted images). Lacunar infarcts >4 mm

A high inter-rater reliability of this method has been diameter were identified and counted using both T1- and
demonstrated60]. Unlike other morphometric approaches, T2-weighted images. Hippocampal atrophy was rated on
our protocoll uses a fixed number of slices. Our method is T1-weighted images using a 5-point scale (0: absent; 1:
based on the assumption that atrophy along the longitudinalvery mild; 2: mild; 3: moderate; 4: severe) and then di-
axis of the hippocampus is relatively small as compared to chotomised as either significant (score >2) or absent (scores
atrophy in the coronal plane. This assumption was confirmed0, 1 or 2). Intra rater experiments, which were performed
by an experiment that measured the anterior—posterior (AP)several months after the initial rating, demonstrated a
extension of the hippocampus in a random sample of 56 (30high reliability with kappa values of 0.88 for VRS, 0.92
males) subjects spanning all cognitive states. There were nofor DWMH, 0.95 for PVH, and 0.91 for hippocampal
statistically significant differences in the AP extension of the atrophy.
hippocampus over cognitive staté & 0.3, P = 0.75) and
gender ¢ = 0.3, P = 0.58). The mean distance (S.D.) be- 2.2.3. Apolipoprotein E (ApoE) genotype
tween area 1 and the posterior disappearance of hippocam- A number of previous studies suggest that the ApoE
pal grey matter was 26.8 mm (2.9) in subjects without cog- genotype, the main known genetic susceptibility factor for
nitive impairment (NC), 26.3 (2.4) in MCl and 26.5 (2.7) in Alzheimer’s disease, has effects on hippocampal size, at-

dementia. rophy and hemispheric lateralisatifi8,46,55] ApoE was
The measurement techniques for brain compartments andherefore considered as a confounder of hippocampal vol-
hippocampal volumes are demonstratedigs. 1 and 2 umes in this study. The ApoE genotype was analysed in a

sub sample of 60 patients. Genomic DNA was extracted
2.2.2.3. Normalisation. To account for inter individual ~ from blood leukocytes (30l whole blood) and processed
variation in head size and to yield comparable estimates of &S previously describel@4].
atrophy, the segmented brain volumes (BY, WMV, GMV)
as well as the hippocampal volume estimates (left HcV, 2.2.4. Satistical analysis
right HcV, total H(;V) were normalised according to the The data were analysed with SPSS for windows (Version

following formula: 10.0.7).
5 The BV and both (left and right) hippocampal volumes
RV (%) = v (cm™) % 100 were considered as the main predictor variables of cogni-
ICV (cm3) tive states. The white and grey matter volumes were defined

& R

Fig. 2. Hippocampal outlining, showing examples of hippocampal outlining in three cases in the coronal plane. (A) Non-atrophied hippocampus (first
outlined area) in a 80-year-old woman with normal cognition (MMSE 28). (B) Mildly atrophied hippocampus (first outlined area) in a 75-year-old woman
with MCI (MMSE 27). (C) Severely atrophied hippocampus (second outlined area) in a 84-year-old mildly demented woman with Alzheimer's disease
(MMSE 21). (D) Sagittal aspect of the hippocampus. Levels of hippocampal area measurements 1-6 (anterior—posterior) are indicated front. left to righ
The first two measurements were placed in the hippocampal head, the following four in the hippocampal body. Panel D was t§€h from
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as secondary predictors. Both, absolute volumes and rela-Table 1
tive volumes (percentage of ICV) were considered in the Baseline characteristics of the sample

analyses. To make absolute measures comparable in meognitive state NCH =35 MCl (»=38) De @ =32)
and women, ICV, BV, WMV, GMV and left and right HcV ~ Gender 21 F/14M, 26F/12M, 20F/12M,
were transformed into percentile rank scores separately forProportion mean (S.D) mean (S.D.) mean(S.D.)
each gender. The ICV—as an indicator of pre-morbid brain Age Male  78.9 (2.8) 79.2 (2.7) 776 (3.2)
volume—was considered as a confounder of regional brain Female 78.6 (25)  79.5(3.1) 71.9 (2.4)
volumes. Further, age, education and gender were used a$MSE Male  28.7 (0.7) 27.4 (1.6) 20.1 (5%)
confounders in multivariate analyses. The significance level Female 20.1(0.70) 260 (17)  20.7 (30)
was set toP = 0.05 in all analyses. SISCO Male  51.1 (2.4) 48.2 (2.8) 32.8 (&3)
Hypothesis 1 was examined using explorative statistics Female 51.6 (22)  44.7(38) 326 (36)
and Spearman’s rank correlation. In addition, partial correla- Years of Male  11.9 (2.4) 114 (1.7) 125 (2.2)
tion analyses were calculated to remove the effect of global __éducation Female 125(3.3) 100 (1.4) 104 (£2)

brain atrophy and ICV. Correlation comparisons for depen- Abbreviations: NC,‘ no cognitive impairment; MC_I, mild cognitive impair-
dent samples were calculated to show whether normalised:gj'gcgé’ dementia; F, number of female subjects; M, number of male
and absolute hippocampal volumes were similarly correlated — anc, mci> De.
with cognitive performancgs2]. To test Hypothesis 2, we bNC>MCI > De.
first assessed differences over cognitive states and gender °NC>MCI, De (ANOVA, Tukey post-hoc testp < 0.005).
using two-way multivariate ANOVA with all predictor vari-
ables, followed by Tukey post-hoc statistics. To identify the performance on the SISC({7]. Hence, we must presume
variables which were responsible for the transition of cog- the presence of selection bias towards more mildly impaired
nitive states, logistic regression models (backward condi- men.
tional) with brain volumes and possible confounds of cog-  Two independent methods were applied to identify sub-
nitive state were calculated. To show whether normalisation jects with MCI in this study. Naturally, the two criteria CDR
of brain measures yields an advantage over raw (absolute)0.5 and AACD overlapped considerably (79%), but not com-
volumes (Hypothesis 3), separate logistic regression mod-pletely. Three subjects fulfilled the psychometric AACD cri-
els were calculated for absolute measures (represented byeria, but were clinically judged to have a CDR 0. Five sub-
BV, respectively WMV and GMV, and left and right HcV)  jects despite having received a CDR of 0.5 did not fulfil the
and normalised measures (represented by relative brain volpsychometric criteria for AACD. Among the subjects clas-
ume, respectively WMV and GMV, and relative left and sified as AACD, eight (seven females) performed at least
right HcV), followed by McNemar'sy? statistics to ver- 1.5 S.D. below age- and education-adjusted means in short
ify whether the differences in classification were significant. term memory, i.e. they would fulfil the psychometric crite-
Collinearity was checked for, and variables that correlated ria for “amnestic MCI” (if the criteria “subjective memory
by more thanr = 0.85 with each other were not entered complaint” and “absence of global cognitive impairment”
together. Individual predicted probability values from each are disregarded). The general level of impairment in our
regression model were saved. The accuracy of classificationMCI subjects was very mild, as also indicated by a mean
was calculated based on every predicted probability value CDR sum of boxes score of 1 (S.D. 0.88) in this group.
and represented as area under the receiver operator charac- Among the patients with dementia, 25 had CDR scores of
teristic (ROC) curves. Sensitivities were calculated at a given 0.5 and 1, indicating mild dementia. The remaining seven
specificity of 80%. To examine the validity of the regression patients received a CDR of 2 (moderate dementia).
models for distinct subgroups, area under the curves (AUCs) Thirty patients received an ICD-10 diagnosis of
and their confidence intervals were additionally calculated Alzheimer’s disease (10 with atypical/mixed form), and two
for diagnostic subgroups (CDR 0.5, AACD, amnestic MCI, had vascular dementia. According to NINDS-AIREN cri-
AD, dementia with CVD). teria, none of the 32 demented patients fulfilled the criteria
for “probable vascular dementia (VaD)” (two had possible
vascular dementia, six had “AD with CVD”, 24 no diag-

3. Results nosis). For subgroup analyses, the eight patients fulfilling
NINDS criteria for “possible VaD” and “AD with CVD”
3.1. Basdline characteristics of the sample are referred to as “dementia with CVD” subgroup.

Common medical diseases in our sample included arte-
Table 1shows that all groups were well matched accord- rial hypertension (61%), diabetes mellitus (20%), coronary
ing to age and sex. In women, differences in the educationalartery disease (18%) and a history of stroke (9%). The preva-
level occurred between NC and MCI/De. Men with MCI lences did not differ over cognitive states, except for coro-
showed trends for higher performance on MMSE, global nary artery disease, which tended to be more common in
SISCO, and—not shown—SIDAM sub scores. Results from MCI and dementia?-test, P = 0.024). In none of the ex-
our field study do not support gender differences in test amined white matter features (DWMH, PVH, DPS, ML, la-
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cunar infarcts), were there observed significant differences All hippocampal measures differed significantly be-
in frequency or severity over cognitive states and gengler ( tween NC and MCI. All global brain volumes (BV, WMV,
statistics and Kruskal-Wallis tests, &llvalues> 0.3). In GMV) differed between NC and De and MCI and De.
contrast, the severity of visually assessed hippocampal at-There were significant cognitive group gender inter-
rophy differed significantly over the three cognitive states action effects in absolute BV and WMV, indicating a
(P < 0.0005). Significant hippocampal atrophy (scor&) steeper decline with decreasing cognitive state in women.
was observed in seven cognitively normal subjects (20%), However, no such interaction effects were seen with nor-
14 subjects with MCI (34%), and 19 (59%) subjects with malised BV and WMV, which suggests that this finding
dementia g2 = 110, P = 0.004). Other incidental find-  represents differences in premorbid brain size between
ings included small meningeomata without therapeutic con- men and women rather than differential atrophy patterns.
sequences (one female with NC, one female with dementia). The main effects and interaction effects remained un-
In eight subjects, a pronounced ventricular enlargement waschanged when the analysis was controlled for the ApoE
found (one female with NC, three females, one male with genotype in a sub sample of 60 subjects with a known
MCI, two males and one female with dementia). In none of ApoE status. Because some previous studies, including
the latter subjects could the suspicion of “normal pressure our own [60], suggested an asymmetrical involvement of
hydrocephalus” be confirmed after thorough clinical inves- the hippocampus in the earliest stages of AD, we tested
tigations and follow-up. the possibility of pronounced or decreased lateralisation
effects in a repeated measure ANOVA. The right HcV
was larger than the left over cognitive groups and gender
(F(1,99) = 158, P < 0.0005). There were no signifi-

Absolute and normalised brain volumetric measurements cant interaction effects in this model to prove hippocampal
across cognitive states and gender, and results of the correasymmetry effects on cognitive statg®, 99) = 1.31, P =
sponding statistical analyses are showTahle 2 0.276).

3.2. Volumetric measurements

Table 2
Brain volumetric measurements over cognitive state and gender

Predictor Gender Cognitive state Between-subject effects
NC n=35) MCl(n=38) De @ =32) Gender (d.f. 1) Cognitive group (d.f. 2) Interaction (d.f. 2)
ICV (cm®) M 1548 (107) 1561 (126) 1540 (96) MF NC [>] MCI, De Genderx Cog
F 1492 (133) 1386 (125) 1364 (110) F =315; P<0.0005 F =28; P < 0.068 F =28; P=0.067
BV (cnr) M 1088 (100) 1116 (96) 1028 (63) M>F NC, MCI >De Genderx Cog
F 1069 (113) 1003 (76) 916 (45) F =222, P<0.0005 F=141; P<0.0006 F=33; P=0.04
RBV (% of ICV) M 70 (5.2) 72 (2.5) 67 (5.0) M= F NC, MCI>De -
F 72 (3.8) 73 (4.5) 67 (3.2) F=11,P=03 F =112; P < 0.0005
WMV (cn) M 451 (56) 467 (40) 427 (37) M>F NC, MCI >De Genderx Cog
F 451 (63) 413 (41) 370 (27) F =156; P<0.0005 F=117; P<0.0005 F =4.0; P =0.022
WMV (% of ICV) M 29 (3.8) 30 (1.5) 28 (2.8) M= F NC, MCI>De -
F 30 (2.4) 30 (2.6) 27 (2.6) F=0.05P=0.8 F=76; P=0.001
GMV (cmd) M 637 (64) 650 (64) 602 (37) M- F NC, MCI>De -
F 618 (58) 590 (40) 546 (29) F =202; P<0.0005 F=112; P < 0.0005
GMV (% of ICV) M 41 (2.7) 42 (2.2) 39 (2.8) M ] F NC, MCI>De -
F 42 (2.6) 43 (2.4) 40 (2.0) F=28; P=0.09 F = 8.6; P < 0.0005
Right HcV (cn?) M 1.62 (0.22) 1.48 (0.3) 1.20 (0.3) M F NC>MCI >De -
F 1.62 (0.17) 1.37 (0.19) 1.27(02) F=01;P=08 F =228; P < 0.0005
Left HeV (cmd) M 1.53 (0.12) 1.43 (0.21) 1.2 (0.24) MI[>] F NC>MCI>De -
F 1.51 (0.2) 1.25 (0.15) 1.2 (0.27) F=29; P=0.09 F =196; P < 0.0005
Right HcV M 0.10 (0.015) 0.096 (0.020) 0.078 (0.019) MF NC>MCI>De -
(% of ICV) F 0.11 (0.014) 0.099 (0.015) 0.094 (0.018f =5.4; P = 0.022 F =132; P < 0.0005
Left HcV M 0.099 (0.010) 0.092 (0.014) 0.079 (0.018) MF NC >MCI, De -
(% of ICV) F 0.10 (0.012) 0.091 (0.013) 0.088 (0.021F =1.2; P=0.3 F =9.6; P < 0.0005

Abbreviations: M, male; F, female; GenderCog, Gendeix Cognitive group interaction; NC, no cognitive impairment; MCI, mild cognitive impairment;
De, dementia; ICV, intracranial volume; BV, brain volume; HcV, hippocampal volume; WMV, white matter volume; GMV, grey matter volume; RBYV,

relative brain volume; [>] trend, i.e..05 < P-value< 0.1.

2Two-way multivariate ANOVA with gender and cognitive state as factors.
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Table 3
Spearman rank correlation coefficients of hippocampal volume (absolute and normalised) with global cognitive function (SISCO) and memory (memory
sub scale of the SISCO)

Spearman correlation coefficients Partial correlation coefficients controlled for RBV  Partial correlation coefficients
controlled for ICV
HcV ranked HcV % HcV ranked HcV % HcV ranked
Non-demented
Total memory 0.56 P < 0.0005) 0.32 £ = 0.006Y 0.55 (P < 0.0005) 0.32 £ = 0.006} 0.47 (P < 0.0005)
SISCO 0.60 £ < 0.0005) 0.34 £ =0.0017 0.58 (P < 0.0005) 0.39 £ = 0.0017 0.51 (P < 0.0005)
Demented
Total memory —0.01 (P = 0.99) —0.06 (P =0.77) —0.06 (P =0.73) —0.16 (P = 0.49) —0.03 (P = 0.86)
SISCO —0.17 (P =0.34) —0.23 (P =0.21) —0.13 (P = 0.40) —0.21 (P = 0.26) —0.10 (p = 0.61)

Abbreviations: HcV ranked, gender-specific percentile rank of hippocampal volume; ICV, intracranial volume; HcV %, relative HcV (ratio of ICV).
aDifferences in correlation coefficients between ranked HcV vs. normalised HcV were signifitan.005).

3.3. Relationship between brain structures and continuous and SISCO separately for non-demented and demented
measures of cognitive functions subjects. Significant correlations in the expected direction
were only found in non-demented subjects. They remained

Explorative analyses revealed that the relationship be- stable after controlling for global brain atrophy (RBV)

tween global cognitive performance (SISCO) and hip- and ICV.

pocampal volume was not ideally linedfig. 3). A bend in

the regression line occurred at total SISCO scores betweerB.4. Cross-sectional predictors of cognitive state

35 and 45 (MCI range). The total memory score showed a

similar non-linear relationship with hippocampal measures The main results of the regression analyses are sum-

with a bend occurring between 12 and 14 (MCI range). marised inTable 4 There were no statistically significant

The same pattern was observed for both sides and for bothdifferences in the classification accuracy between absolute

absolute and normalised volumes. In contrast, the relation-and relative models.

ships between cognitive measures and BV, WMV and GMV ~ When relative GMV and relative WMV were entered in-

were linear (not shown). Considering only non-demented stead of relative BV, both remained in the final model to-

subjects also revealed a nonlinear relationship between hip-gether with ICV. Yet, the classification accuracy was not

pocampal and cognitive measur&able 3lists the correla- higher than that achieved by the model based on relative

tion coefficients between hippocampal volume and memory BV only. This indicates that, as a diagnostic tool, the global
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Fig. 3. Scatter plot. Hippocampal volume (left plus right percentile rank of absolute volumes) against global cognition (SISCO) and memory function
(memory sub domain of the SIDAM) in 105 elderly subjects with a continuum of cognitive functions. Locally weighed trend curves (70%). Spearman
rank correlation coefficients in the total sample were- 0.58 for total memory and- = 0.56 for SISCO. These correlations remained stable after
correction for brain atrophy (RBV) (partial correlation coefficent 0.52, P < 0.0005 for memory, and = 0.46, P < 0.0005 for SISCO).
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Table 4
Logistic regression models T
Transition from NC to MCI g = 73) Transition from MCI to DeA = 70) g
Model 1 (“absolute”) Model 2 (“relative”) Model 1 (“absolute”) Model 2 (“relative”) o
28
Predictor B P value  Predictor B P value Predictor B P value Predictor B P value E
Final model Left HcV —0.049 <0.0005 ICV —0.035 0.01 BV —0.067 0.0005 ICV —0.048 0.005 %
Education —0.294 0.03 L. HeV % —109.4 0.001 Age —-0.298 0.01 RBV —47.4  <0.0005 g.
Education —-0.302 0.04 Education 0.341 0.09 Age -0.317 0.013 g
Accuracy (%% 78 75 78 78 o
Sensitivity (%9 76 74 69 85 Z
Specificity (%9 80 80 80 80 2
AUC (95% CI)  0.831 (0.738-0.924) 0.868 (0.786-0.950) 0.871 (0.788-0.953) 0.878 (0.797-0.960) o
LR 38 3.7 3.45 4.25 =
o

The following predictor variables were entered into “absolute models™: BV/[ICV], left HcV, right HcV, age, gender, education, educgtoder. The following predictor variables were entered intcg
“relative models™: RBYV, relative left HcV, relative right HcV, age, gender, educatiogender, ICV sensitivity and specificity in the models contrasting MCIl and dementia were based on predictiap of
dementia, /[ ] indicates that alternative models were calculated. Abbreviations: NC, no cognitive impairment; MCI, mild cognitive impairnmdEebéa; HcV, hippocampal volume; BV, brain vqume;f?J
ICV, intracranial volume; HcV %, relative HcV (ratio of ICV); RBYV, relative brain volume (ratio of ICV); L., left; (IRkelihood ratio = sensitivity/ (1 — specificity); AUC, area under the curve.
aClassification accuracy, derived from individual group classification asigned by the logistic regression model, note that arbitrary cut-dfsbility pralues are chosen.
b Derived from ROC curves based on individual probability values from the regression models.

V26
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brain volume alone seems to be sufficient to separate MClbased on normalised measures, the ICV was required as
and dementia. an additional predictor of cognitive state. We thus rejected
Thus, of all brain structures measured, only the hippocam- Hypothesis 3.
pus was able to distinguish NC from MCI. As predicted, Some aspects of our results need to be discussed in more
global brain volume, but not the hippocampus, was respon- detail in the following sections.
sible for the transition from MCI to De. When entered as
absolute volumes, HcV and BV alone were sufficient pre- 4.1. Hippocampal volumesin MCI
dictors of cognitive state. When entered as normalised vol-
umes, the ICV was required as an additional predictor. The In accordance with previous studi§s0,11] we found
hypothesis that normalised measurements are superior to abthat of the brain volumetric measurements examined, the
solute measurements was disproved. HcV uniquely distinguished MCI from normal. The mean
Finally, we considered the effect of our prediction models differences in HcV between MCI and NC based on HcV vol-
on possible subtypes among our cases with dementia andimes is comparable to the 7-16% reported in other studies
MCI. Receiver—operator statistics showed that the diagnos-[10,11,13,14,57,58,60,64Pur accuracy of classification of
tic models derived from absolute brain volumes for classi- MCI and NC was comparable to the 63-73% that were re-
fication of MCI and NC also had a high predictive value ported by similar studiefl0,14,64] Yet, it should be noted
for amnestic MCI (AUC= 0.819; 95% CI: 0.684-0.954), that hippocampal volumes overlapped considerably over
CDR 0.5 (AUC= 0.836; 95% CI: 0.743—-0.930), and AACD cognitive states in our study. Given that 50% classification
(AUC = 0.743; 95% CI: 0.627-0.859) versus all other can be achieved by chance in the regression models, clas-
non-demented subjects. Likewise, the model for MCI and sification rates of 75—-85% are only moderate. On the other
De also had significant predictive value to classify “de- hand, the transitional character of MCI as a diagnostic cate-
mentia plus CVD” versus MCI (AUC= 0.744; 95% CI: gory means that a 100% correct classification is unrealistic.
0.622-0.866). It should be noted that even though cere- The finding of “specific hippocampal volume reductions”
brovascular lesions were frequent in our population, none [10] in MCI fits well into the concept of AD as a “hip-
of the demented subjects met the criteria for probable vas-pocampal dementia[2]. As shown by Braak and Braak
cular dementia, i.e. Alzheimer’'s disease must be consid- [5], neurofibrillary pathology in AD evolves in a distinct
ered as the main etiological background of dementia in our hierarchical pattern. The initial clinical characterisation
study. of the stageing model suggested that the transentorhinal
stages (stages 1 and 2) were the “clinically silent” period
of AD, while the limbic stages (stages 3 and 4) represent
4. Discussion incipient AD with first objective symptoms, and the neo-
cortical stages (stages 5 and 6) fully developed dementia.
We investigated structural correlates of MCI based on Subsequently, clinico-pathological studies reported a high
high-resolution MRI in a well characterised elderly sample prevalence of AD pathology in subjects with MCI and a
within a narrow age range of 75-85. Post-mortem studies high sensitivity of hippocampal atrophy to detect AD, even
revealed a high prevalence of Alzheimer pathology in this in non-demented subjecf26,41] However, there was also
age group. By the age of 85 virtually everyone will have considerable variability of cognitive performance beyond
some neurofibrillary tangles in their cerebral cortex, yet not the severity of AD lesion§25,31,49]
everyone is dementgd4,49] Based on results from our own Diagnostic confirmation in the grey zone of MCI is usu-
epidemiological study, the prevalence of dementia and MCI ally based on the subsequent conversion to dementia and
in this age group approximates 10 and 18%, respectively AD. However, conversion rates vary widely across studies
[47]. About 30% with MCI based on modified AACD criteria  and tend to be higher in clinic-based populations as com-
have been shown to develop dementia over 2.6 years in thispared to population-based samp[&§]. If one considers
elderly populatior7]. the demographic and clinical heterogeneity of samples with
In line with previous studies and our hypothesis, we MCI across published studies, the homogeneity of findings
found a close correlation between hippocampal volume andconcerning hippocampal volumes is rather surprising. In
memory as well as global cognitive performance (Hypothe- the absence of pathological diagnostic confirmation in MCI
sis 1). Further, in line with our expectations (Hypothesis 2), subjects as in our and many other studies, the presumed
of the chosen volumetric measurements the hippocampalimpact of AD pathology on hippocampal volume loss can-
volume uniquely distinguished MCI from normal cognition. not be proved. Other degenerative diseases and ischemia
Measures of global brain atrophy distinguished best be- have to be considered as alternative causes of hippocampal
tween MCI and dementia. This was due to both white and volume loss.
grey matter reduction. Contrary to the prediction that nor-  The global brain atrophy in our study was no more pro-
malisation of volumetric measurements yields an advantagenounced in MCI as compared to controls. This finding is in
over raw volumes, normalised and absolute measurementsaccordance with the majority of cross-sectional studies on
yielded comparable classification accuracies. In models MCI that analysed either global brain atrophy or region-of-
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interest analyses in neocortical arg48,11,19,56,6Q] In In our sample, relatively large ICV differences were found
our MCI group, the normalised brain volume and grey mat- over cognitive states, particularly in women. In light of two
ter volume even tended to be larger than normal. Overall, recent negative reports on ICV differences over cognitive
a higher variability may be present in MCI regarding the states[15,30], this may appear as an atypical finding. We
degree of neocortical atrophy. The global brain volume, but carefully excluded the possibility that measurement errors
not the hippocampal volume, was the volumetric measure- caused this result. Most convincingly, easy-to-obtain mea-
ment to distinguish MCI from dementia. Hence, the degree surements of head size yielded the same refadfs In fact,
of global brain atrophy may be a more important factor in this is not a new finding. Significant differences in intracra-
the transition from MCI to dementia than is hippocampal nial size over cognitive states were occasionally found in
atrophy. other neuroimaging studi¢$0,18,62] Evidence is accumu-
lating from pathological40], epidemiological[4,53] and
4.2. The relationship between HcV and cognitive functions |arge-5ca|e |mag|ng StUd|¢352,39] to support a role of pre-
morbid brain size on late-life cognitive functions and the
If one assumes that hippocampal atrophy and neurofib-clinical expression of AD. In women as compared to men,
rillary pathology are correlatef42], the stageing model  more pronounced effects of small head g&8] and other
of AD implies that hippocampal atrophy can be used as a indicators of early-life growti{35] on the risk of demen-
global indicator of disease severity in AD. The physiologi- tia and AD have been occasionally reported. However, the
cal function and the early disconnection of the hippocampus situation is inconclusive.
with different cortical areas in A}44] imply correlations The pre-morbid brain volume may either influence cog-
between HcV and memory as well as global cognitive nitive performance as part of a general performance factor
functions, even in non-demented subjects. This could be[39] and/or by providing reserve against degenerative pro-
confirmed by our study and is in accordance with previous cesses and thus modifying the clinical expression of demen-
studies[10,41] The relationship between HcV and global tia disease$31,40]
cognition as well as memory was not ideally linear. To  Our findings raise the further questions of whether it is
all of our knowledge, this finding has never been reported only the degree of hippocampal atrophy that distinguishes
previously in a comparable neuroimaging study. Our find- cognitively unimpaired elderly subjects from those with
ings would be consistent with a floor effect in hippocampal MCI, or whether those with MCI may have started with
atrophy during the degenerative process, i.e. a more pro-smaller hippocampi earlier in life. The latter is implied by
nounced hippocampal atrophy in the earliest disease stageshe finding that the ICV was not required as an additional
that involve the transition to MCI may reach a plateau in the predictor when absolute hippocampal volumes were used.
dementia stage. This has been suggested by the results ofhis finding may indicate an effect of premorbid hippocam-
serial studies of MCI and pre clinical A[21,32,37,59,65] pal volume rather than whole brain volume. Since absolute
One pathological study reported floor effects in hippocam- measurements reflect atrophy and total pre-morbid size of
pal neurofibrillary pathology in the more advanced AD a structure to an unknown degree, such questions cannot be
stageq25]. In our cross-sectional study, possible bias due answered sufficiently based on cross-sectional results. Some
to selective survival, scale properties of the SIDAM scores, findings from serial neuroimaging and neuropsychological
and selection bias in our demented cases have to be considstudies in MCI would be consistent with this situat[d;32].

ered as alternative explanations for these findings. In summary, our findings suggest that neuroimaging stud-
ies should consider the ICV or other estimates of premor-
4.3. Normalised versus absolute volumetric measures bid brain size as confounders of regional brain volumes and

cognitive function.

Considering both normalised and absolute measures, there
was little indication in our study that normalisation yields an 4.4. Limitations
advantage over raw measures with regard to cross-sectional
classification accuracy as well as structural-functional cor- The main limitations are those of a cross-sectional study.
relations. Models based on normalised measures addition-No follow-up with post-mortem confirmation of diagnoses is
ally required the ICV (as an indicator of pre-morbid brain available in our sample. The validity of MCI as a diagnostic
size) to yield comparable classification accuracy as absolutecategory is not yet proven. Due to the sampling procedure
HcV and BV. In fact, had we entered only normalised mea- and the broad MCI concept applied, our group with MCI
sures of hippocampal and brain volume without the ICV, is probably etiologically heterogeneous. The results have to
the accuracy of classification would have been consider- be interpreted carefully with regard to etiological assump-
ably lower than that achieved with absolute HcV and BV tions. Our study did not address the question of whether
alone (not shown). Further, significant gender differences the hippocampus may be superior to other medial temporal
were present even after normalisation. Such findings call lobe structures to predict MCI. In particular, the entorhinal
for caution with regard to the use of “standard” adjustment cortex may be early and severely affected by neurofibrillary
procedures. pathology[5].
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4.5. Conclusions [11] De Santi S, de Leon MJ, Rusinek H, Convit A, Tarshish CY, Roche
A, et al. Hippocampal formation glucose metabolism and volume

. . . losses in MCI and AD. Neurobiol Aging 2001;22:529-39.
Hippocampal volume reductions, but not global brain, [12] DeCarli C, Massaro J, Au R, D'Agostino E, Wolf PA. Cranial

white or grey matter atrophy, were associated with MCl in cavity size and cognitive performance amongst the offspring of the
this study. From the limited angle of a cross-sectional study Framingham Heart Study. Neurobiol Aging 2002;(Suppl):1323.
our findings suggest that hippocampal atrophy may be the[13] Dickerson BC, Goncharova I, Sullivan MP, Forchetti C, Wilson RS,
step that determines the transition from normality to MCI. Bennett DA, et al. MRI-derived entorhinal and hippocampal atrophy
Widespread brain atrophy may be the crucial factor to deter- in incipient and very mild Alzheimer's disease. Neurobiol Aging

. o L - 2001;22:747-54.
mine the transition from MCI to dementia in AD, while hip- [14] Du AT, Schuff N, Amend D, Laakso MP, Hsu YY, Jagust WJ

pocampal atrophy plays a less important role at this stage. et al. Magnetic resonance imaging of the entorhinal cortex and

Brain volume reserve effects may be involved in both of hippocampus in mild cognitive impairment and Alzheimer’s disease.

these steps. J Neurol Neurosurg Psychiatry 2001;71:441-7.

[15] Edland SD, Xu Y, Plevak M, O'Brien P, Tangalos EG, Petersen
RC, et al. Total intracranial volume: normative values and lack of
association with Alzheimer's disease. Neurology 2002;59:272—-4.

[16] Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et
al. Whole brain segmentation: automated labeling of neuroanatomical

This paper was supported by Interdisziplindres Zentrum _structures in the human brain. Neuron 2002;33:341-55.
fur Klinische Forschung (|ZKF) at the University of Leipzig [17] Folstein MF, Folstein SE, McHugh PR, Albert M. “Mini-Mental

. . State”. A practical method for grading the cognitive state of patients
(Projekt C8), and by a research stipend from the German Re- ¢ "\ iinician. J Psychiatr Re4975:12:189-98.
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