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Abstract. We conducted an integrated multi-modal magnetic resananaging (MRI) study based on functional MRI (fMRI)
data during a complex but cognitively preserved visual tasks amnestic mild cognitive impairment (a-MCl) patienteld 5
Healthy Elders (HE). Independent Component Analysis of fld&a identified a functional network containing an Activat
Task Related Pattern (ATRP), including regions of the dasd ventral visual stream, and a Deactivation Task RelRtgtern
network (DTRP), with high spatial correspondence with teédIt-mode network (DMN). Gray matter (GM) volumes of the
underlying ATRP and DTRP cortical areas were measured, estzhpilistic tractography (based on diffusion MRI) idéietl
fiber pathways within each functional network. For the ATRRwork, a-MCI patients exhibited increased fMRI resporiges
inferior-ventral visual areas, possibly reflecting cormgaory activations for more compromised dorsal regionswéver, no
significant GM or white matter group differences were obsdmwithin the ATRP network. For the DTRP/DMN, a-MCI showed
deactivation deficits and reduced GM volumes in the postenmulate/precuneus, excessive deactivations in tieeiorfparietal
lobe, and less fiber tract integrity in the cingulate bundlesk performance correlated with DTRP-functionalitytia HE group.
Besides allowing the identification of functional reorgaations in the cortical network directly processing théstsmuli, these
findings highlight the importance of conducting integrateadlti-modal MRI studies in MCI based on spared cognitive dora

in order to identify functional abnormalities in criticalems of the DMN and their precise anatomical substratesseTlater
findings may reflect early neuroimaging biomarkers in deraent
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subtype [2,3]. MCI thus represents an ideal model
for broadening our understanding of the early patho-
physiology of incipient AD. In recent years, both
structural and functional neuroimaging techniques have
been extensively applied in order to characterize MCI
cross-sectionally, and have identified a set of imaging
biomarkers that have predictive value as regards future
conversion or clinical stability in these patients [4,5].
Among neuroimaging techniques, functional mag-
netic resonance imaging (fMRI) is particularly well
suited to investigate whether early functional brain re-
organizations can be detected prior to overt neuropsy-
chological or structural brain abnormalities [6], and
thus reveal subtle cerebral functional adaptations in pre
clinical dementia. In the MCI context, however, most
fMRI studies have considered learning and/or memory
paradigms, a cognitive area which by definition is af-
fected in most MCI patients [7—13]. As regards oth-
er cognitive domains, a few independent fMRI reports
have revealed abnormal patterns of brain activity in at-
tentional and executive domains [14,15] or in language
processing [16]. Inone recentstudy [17]the authors in-
tegrated the study of language, memory, attention, and
empathy in a cohort of a-MCI patients. One promis-
ing line of research has centered on the investigation of
complex visual processing in MCI patients, given the
well-characterized anatomy of the dorsal and ventral
visual pathways and the fact that visuospatial and vi-
suoperceptive functions are early affected in AD. These
investigations have revealed preclinical functional re-
organizationsin high order visual areas supporting both
visuospatial [18,19] and visuoperceptive [19-22] pro-
cessing among MCI and early AD. fMRI study of com-
plex visual functions in these patients provides further
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of the ventral visual system and fusiform gyrus activity
during a face-matching task, as well as negative corre-
lations between this region and anatomical areas out-
side the ventral visual pathway. That study supported
the notion that the functional segregation within the vi-
sual system is based on the distribution of cortical GM
volumes in MCI patients. However, the investigation
restricted the analysis of brain activity to a particular
area based on an a priori hypothesis and did not con-
sider structural connectivity as a further measure in the
model.

The aim of the present study was to provide the
first comprehensive characterization of a functional and
structural cerebral network underlying complex visu-
al processing in MCI patients. The primary objective
was to determine whether network-related alterations
in MCI appear even before clinical impairment in this
cognitive domain can be detected. For this purpose,
we used three MRI modalities (T1-structural, fMRI,
and Diffusion MRI) to perform an integrated analy-
sis including functional connectivity, GM volumetry,
and probabilistic tractography. First, the study of task-
activated regions allows the characterization of these
visual processing related networks. Furthermore, the
study of task-deactivations allowed us to investigate
the brain’s default-mode network (DMN, [24-27]), de-
fined as a set of brain regions showing high levels of
functional connectivity with core areas in the anteri-
or/frontal and posterior midline structures as well as in
the parietal regions. The DMN is significantly more ac-
tivated during rest or passive sensory tasks than in cog-
nitively demanding or goal-directed tasks and is known
to be compromised in neurodegenerative disorders, in-
cluding AD, particularly in the posterior cingulate cor-

clinically relevant evidence, as it has been demonstrated tex (PCC), an area primarily affected by AD-associated

that patients who will convert to AD present increased

alterations such as hypometabolism or elevated atro-

brain responses with increasing task demands in areasphy rate [27]. More recent studies of deactivations in

related to visuospatial processing, probably reflecting
reduced neuronal efficiency due to accumulating AD
pathology [18].

In dementia, the optimal use of cerebral networks
in terms of cognitive capability strongly depends on
the integrity and precise spatio-temporal tuning of their
functional and structural components [23]. However,
in the study of complex visual functions in MCI, only
Teipel and colleagues [21] have investigated system-
specific associations between the functional connectiv-
ity of neural systems and their underlying morpholog-
ical features. In their report, those authors observed
more positive associations for MCI patients than for
controls between gray matter (GM) volumes in regions

the context of memory tasks [28] or resting state fMRI
conditions [29,30] have also noted dysfunction in this
system in MCI, but the relationship between functional
alterations and their precise underlying structural brain
correlates is still largely unknown in this condition.
Briefly, the main steps of the data analyses presented
in this paper are as follows. First, we used Indepen-
dent Component Analysis (ICA) to explore the func-
tional networks involved in the task and functional dif-
ferences between groups. Importantly, within the main
component, regions exhibiting both task-related acti-
vations and deactivations were identified, defining two
different networks. The spatial maps of the functional
networks obtained were then thresholded and several
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ROIls defining isolated but functionally connected re- test, which was adapted for use within the fMRI context
gions were extracted from them. Furthermore, these (see below).

ROIs were used to evaluate structural characteristics  Finally, all the a-MCI subjects were clinically re-
of the networks such as GM volumes and network- evaluated two years after this first scanning session
related white matter pathways between pairs of ROIl. and it was observed that some of them (5 of 15) had

We investigated differences in these measures as well converted to AD.

as relationships between structure and functionality.

METHODS
Subjects

Thirty right-handed subjects aged over 65 were
prospectively recruited from the AD and other cognitive
disorders unit at the Neurology Service of the Hospital
Clinic in Barcelona. The sample comprised 15 healthy
elders (HE) and 15 MCI patients. Patients with a clin-
ical diagnosis of AD were not included because the
study focused on identifying a brain network related to
a preserved cognitive domain, which would have been
more difficult to attain with demented patients. MCI
patients were prospectively selected only if they pre-
sented the amnestic form of the disorder (a-MCI; single
memory domain affected), defined by the fact that their
remaining cognitive functions and activities of daily
living were within the normal range. We used the Pfef-
fer Functional Activities Questionnaire (FAQ) [31] to
assess patients’ functional activities. The FAQ com-
prises 10 items, which evaluate a variety of Activities
of Daily Living (ADL) and complex cognitive/social
functions. We considered that ADL were impaired if
the FAQ score wag 3. All subjects scoreg: 3 in the
FAQ. Healthy individuals did not meet criteria for de-

MRI acquisition

Subjects were examined on a 3T MRI scanner (Mag-
netom Trio Tim, Siemens Medical Systems, Germany).
For the fMRI protocol, 225 T2*-weighted volumes
were acquired during the task performance (ER
2000 ms, TE= 29 ms, 36 slices per volume, slice
thickness= 3 mm, distance factoe 25%, FOV =
240 mm, matrix size= 128 x 128). A high resolution
3D structural dataset (T1-weighted MP-RAGE, ER
2300 ms, TE= 2.98 ms, 240 slices, FO¥ 256 mm;
matrix size= 256 x 256; Slice thickness= 1 mm)
was also acquired, followed by a Diffusion Weighted
Imaging (DWI) protocol which consisted of an echo-
planar imaging (EPI) sequence (30 directions, ¥R
5600 ms, TE= 89 ms, 44 slices, slice thickness
2 mm, distance factor 30%, FOV= 250 mm, ma-
trix size = 122 x 122). The DWI protocol also pro-
vided a T2-weighted volume (B0O) which was used to
exclude participants with evidence of cerebrovascular
disease based on the evaluation of white matter (WM)
hyperintensities. Specifically, a board-certified neu-
roradiologist (NB) rated all images using the Fazekas
scale [34]. Because of this, some WM abnormalities
were observed in our sample, probably age-related, as
all the participants rated 1-2 on this scale. No differ-
ences were observed between the two clinical groups
[mean (SD) Fazekas scores were 1.13 (0.74) and 1.06

mentia and presented no cognitive complaints or scores (0.59) for the HE and a-MCI groups respectively:
below-1.5 SD on any neuropsychologicaltest. Patients 0.27 p = 0.78].

with a-MCI reported complaints of memory function
and scores below 1.5 SD on an episodic memory test
(long termretrieval test from the FCRST: Free and cued

fMRI task
We used a block design paradigm consisting of three

selective reminding test). A comprehensive neuropsy- alternating conditions. During the experimental condi-
chological battery was administered to all subjects, in- tion (10 scans, duration: 20 s) subjects were presented
cluding assessments of memory, frontal lobe ‘execu- with four blurred images within each of the four quad-
tive’ functions, language, gnosis, and praxis tests [16]. rants of the screen. Three of the images were rotat-
Visuoperceptive-visuospatial functions were assessed ed 90,—90, and 180 degrees respectively, while the
by means of the Incomplete Letters and the Number remaining one was randomly positioned in the correct
location tests of the Visual Object and Space Percep- orientation. After correct identification of the content

tion Battery (VOSP, [32]). Additionally, the Perception
Digital Test (PDT) was also administered to evaluate
high order visual functions [33]. We verified that all
a-MClI patients performed within normal limits in this

of the images (i.e., visually decoding the picture to

identify that it represented, for example, a landscape,
an object or people) the subject was asked to answer
whether the image that was correctly orientated was on
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Task stimuli:

“~, \205—0ﬁenlatedlmag&:
. -_“4
—-—
Is the upright-orientated

image placed at the right or at
the left side of the image?

Is the red square placed at
the right or at the left side of
the image?

Fig. 1. Design of the fMRI task and stimuli used. Instructiavere given to the subjects once, before the scanning se#e main text for full
description of the task.

the right or on the left side of the screen by pressing Functional MRI processing and analysis

a right/left button. During the control task (10 scans, First, each fMRI dataset was corrected for motion
duration: 20 s), four plain colored squares were pre- using MCFLIRT [36]. Then, non-brain voxels were
sented in the same spatial arrangement as the images ofemoved using BET [37], spatial smoothing (Gaussian
the task stimuli, and the subject was asked to indicate kernel of FWHM 8.0 mm) was applied, and the entire
whether the red square was on the right or the left side. 4D datasetwas normalized using the grand-meaninten-
As instructions were given to the subjects before the Sity: High pass temporal filtering (sigma 50 s) was
scanning session, no written instructions appeared on 2PPliéd to restrict for task-related temporal patterns,
the screen during the task. The number of right/left and 4D sets were finally reglstgred tothe MNI152 tem-
responses was equivalent in the experimental and con- plate using FLIRT [38]. Aﬁeth's preprocessing, fMRI
trol conditions. Finally, a fixation/resting block was analysis of the task was carried out using Tensorial In-

2 . dependent Component Analysis (TICA) [39] as imple-
also presented, consisting of a white cross on a black mented in MELODIC, part of FSL. MELODIC allows
screen (5 scans, duration: 10 s). The whole paradigm g\ r| data to be broken down into three-dimensional

included 9 repetitions of the task, with a total duration  gets of vectors which describe signal variation across

of 450 s. (Fig. 1). the temporal domain (time-courses), the spatial do-
main (spatial maps), and the subject domain (subject
MRI processing and analyses modes). Spatial maps include regions of synchronous

activations and deactivations, and subject modes reveal
the strength of both these activations and deactivations;
> T higher subject modes values indicate higher activations
the three MR modalities used and their inferences are gnq higher deactivations of the positive and negative
shown in Fig. 2. The functional brain networks extract- parts of an IC respectively. A simple Pearson correla-
ed from ICA analysis of fMRI data were used to guide  tion was performed on the rank-1 estimated time course
GM volumetric and DTI analyses in order to define and the task time-series model, in order to identify task-
the anatomical parts of the network. Neuroimaging related components. Spatial maps of the IC of inter-
tools used in all the steps are part of the FSL software est were thresholded using a Gaussian/gamma-mixture
(http://www.fmrib.ox.ac.uk/fsl [35]). model and represented on the MNI standard template.

All the procedures carried out in the analysis of
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Fig. 2. Multi-modal MRI processing and analysis stream.

As shown in Fig. 2, group-TICA decompositions tween the subject’s head size and the MNI152 standard
were performed at two levels. The first decomposi- template, was obtained for each subject. Next, tissue-
tion included data for all the subjects, with the specific type segmentation with partial volume estimation was
aim of finding a common task-related region. Then, a carried out [41]. ROI GM volumes were extracted
second analysis was performed separately for the two from the tissue-type segmentation. More specifically,
groups (HE and MCI) in order to evaluate differences each subject's GM volume was masked using the pre-
in the spatial extent of the network. defined binary ROIs (from functional activation maps)

The main task-related component was selected from and the resulting volumes were calculated. Finally they
the whole-group analysis, using information from both were normalized using the scaling factor, to account
time-series analysis and subject modes. Then, to selectfor head-size differences. A voxel based morphometry
the analog component in the separate ICAs, we used (VBM) analysis was also performed on the GM maps,
the spatial cross correlation value (fslcc in FSL). using tools available in FSL.

The ROI definition process was derived from the
thresholded spatial map of the selected component. Diffusion MRI analysis
Large (i.e., more than 50 voxels) isolated clusters in  Diffusion MRI Images were analyzed using FDT
GM regions were separated into binary ROIs. (FMRIB's Diffusion Toolbox), a software tool for anal-

Finally, from the preprocessed fMRI data, a measure ysis of diffusion weighted images included in FSL [42—
of the mean BOLD activity within the defined ROIs 44]. First, data were corrected for distortions caused
was extracted separately for each individual and each by the eddy currents in the gradient coils and for sim-

condition (i.e., task, control and fixation).

Structural MRI analysis

Structural 3D-MPRAGE images were used to obtain
GM volumes. Brain tissue volume, normalized for sub-
ject head size, was estimated with SIENAX [40]. In
the first part of the SIENAX procedure, a volumetric
scaling factor, which referred to the relationship be-

ple head motion, using the BO non-diffusion data as a
reference volume. Then, Fractional Anisotropy (FA)

maps from each subject were obtained using a Diffu-
sion Tensor Model fit. A probabilistic tractography

algorithm was also applied to the diffusion images.
For this purpose, in the first step, diffusion parame-
ters were estimated using the BEDPOSTX tool from
FSL, which computes a Bayesian estimation of the pa-
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Table 1
Sample demographics and cognitive characteristics

HE a-MClI t-test p value
Age 75.20 (5.76) 74.33 (6.99) 0.91 0.37
Gender (women/men) 10/5 10/5 - -
MMSE 27.67 (1.49) 25.50 (2.10) 3.31 < 0.001
Education (years) 8.93 (4.6) 8.87 (4.0) 0.04 0.97
Memory functions
Recall of Constructional Praxis CERAD 8.13 (2.10) 4.7302.4 4.12 < 0.0001
Free recall (FCSRT) 25.67 (5.76) 9.73 (5.21) 7.93< 0.0001
Long term retrieval (FCSRT) 8.47 (1.99) 0.60 (1.12) 13.3< 0.0001
Frontal functions
Digit span (Inverse) (WAIS-III) 5.13(1.88) 4.40 (1.68) 21 0.27
Symbol search (WAIS-III) 24.13(10.09) 17.33(5.51) 2.28 03.
COWAT 24.80 (9.52) 23.53 (8.37) 0.38 0.70
Similarities (WAIS-III) 15.27 (4.57)  13.47 (3.46) 1.21 8.2
Language
BNT 49.93 (5.39) 48.73 (4.26) 0.67 0.50
BDAE comprehension 14.93 (0.25) 14.87 (0.35) 0.59 0.55
Visuoperceptive / visuospatial functions
Incomplete Letters VOSP 19.60 (1.92) 19.47 (0.92) 0.24 0.81
Number location VOSP 9.60 (0.63) 8.87 (1.64) 1.61 0.12
PDT score 14.07 (0.96) 13.60 (0.74) 1.49 0.15
Praxis
Ideomotor praxis 5(0) 5.40 (1.54) 1.00 0.32
Constructional praxis CERAD 9.47 (1.64) 9.60 (1.63) 222 820.

HE: healthy elders, a-MCI: amnestic Mild Cognitive Impagmt. MMSE: Mini-Mental State
Examination. CERAD: Consortium to Establish a RegistryAtaheimer’s Disease: Clinical and
Neuropsychology Assessment. FCRST: Free and cued seleetiinding test. VOSP: Visual
Object and Space Perception Battery. PDT: Perception digést. WAIS-III: Wechsler Adult
Intelligence Scale Il version. COWAT: Controlled Oral VdoAssociation Test. BNT: Boston
Naming Test. BDAE: Boston Diagnostic Aphasia Battery.

rameters (i.e., diffusion parameters and local fiber di-
rections) using sampling techniques and a model of
Crossing Fibers [42]. The density functions obtained
were subsequently used to estimate connectivity be-
tween pairs of ROIs (seed ROI and end ROI) with the
PROBTRACX tool from FSL. The entire probabilistic
tracking procedure was carried out in each subject’s
anatomical space. Using the probabilistic tractography
algorithm, we obtained individual maps for each pair of
ROIs, where each voxel value indicated the probabili-
ty of having fibers connecting the two regions. These
maps were thresholded (at 2% of their maximum) in
order to remove very-low probability fiber paths. Fi-
nally, the pathways obtained were visually inspected.
Individual FA scores inside each pathway were then
used to quantify and compare the integrity of the paths
identified (Fig. 2).

Statistical analyses

Functional measurements (mean BOLD signal with-
in each ROI and condition), ROl GM volumes and tract
integrity (mean FA along the tracts-of interest) were in-
troduced into SPSS v.16 (Statistical Package for Social
Sciences, Chicago, Il, USA). Between groups compari-

son were performed using two-tailed t-tests. Partial cor-
relations were also undertaken to investigate the rela-
tionship between functional and structural components
of the network and the relationship with cognitive per-
formance within each group. In the partial correlation
analysis, age, gender, and task performance (when not
evaluated) were included as covariates. Results were
considered as statistically significant if they attained a
p value< 0.05. When the analyses included multiple
comparisons, Bonferroni correction was applied.

RESULTS

Table 1 summarizes the main characteristics of
the sample groups, including demographic variables
and cognitive measures. HE and a-MCI patients were
comparable in age, gender distribution, global cog-
nitive performance, language, and visuoperceptive-
visuospatial functions. Educational levels were also
similar between groups. In general, attentional/frontal
lobe functions were also comparable, except for the
Symbol Search test assessing speed of processing and
working memory. Despite the statistical differences that
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Fig. 3. Spatial maps (A) and time-course (B) of the main tas&ted component obtained from the whole group (HE and &-8®jects)
TICA analysis. In (A), regions in red-yellow show the positipart of the component (task-activations) and regiondue are the negative part
(task-deactivations or rest-activations). In (B), re@Ishows the rank-1 approximation of the IC’s temporal atitiva and green line shows an
idealized reference function of the task.

emerged for this test between groups, none of the pa- This main task-related pattern comprised ATRP
tients was clinically impaired in any of the above cog- (Fig. 3A, red-yellow maps) and DTRP (Fig. 3A, blue
nitive domains when analyzed individually. As expect- maps). The ATRP included areas whose activity was
ed, patients performed worse on both verbal and visual synchronously higher in the task scans (i.e., blurred
episodic memory tests. Task performance scores (cor- images) and concomitantly lower in the control stim-
rect responses and response times) inside the scanneulus (i.e., square colours) or even lower in rest scans
were lost for a high number of subjecis £ 6) due to (Fig. 3B, red line). Conversely, regions in the DTRP
technical problems. Therefore, the score on the clin- were strongly deactivated during the task scans, with
ical test administered to the subjects before the MRl medium levels in the control scans and no deactivation
session was used in all cases to measure individual atrest. The ATRP network included anterior and poste-

performance. rior areas of both hemispheres, with the posterior parts
of the right hemisphere being the most clearly repre-
Functional networks identified sented. In posterior regions, the ATRP was formed bi-

laterally by parts of the primary (BA17) and secondary
The main task-related component was selected from associative visual areas (BA18, BA19), temporoccipi-
the group T-ICA decomposition, including all the sub- tal, and parietal regions. Ventrally, the posterior seg-
jects (HE and a-MCI). Its time course fitted the task ments of the lingual and fusiform cortices (BA 18/19)
time series with Pearson's= 0.72 (p < 0.001) andits ~ were involved bilaterally, as was the inferior temporal
fMRI signal was specific for the task scams< 15.92, gyrus (BA37). Dorsally and in the medial aspect of the
p < 0.001 in the blurred images colored squares  occipital lobe, the cuneus (BA18/31) was also included
contrast). Other task-related components were found, in the ATRP network, as well as the superior occipital
but they were not considered in this study either be- gyrus (BA19) bilaterally. Close to this latter region
cause (i) they were not homogeneous throughout the and in the right hemisphere, parts of the inferior (gyrus
whole sample (with very high subject modes in a few angularis BA39) and superior parietal lobe (BA7) were
subjects, and very low or negative values in the oth- alsoincluded. Infrontal regions the inferior and middle
ers) or (ii) they did not form a consistent anatomical frontal gyri were involved (BA 44/45, 6 and 9). In the
network (i.e., isolated regions located in the non-GM right hemisphere the functional network also included
brain region). parts of the BA6 corresponding to the precentral gyrus.



530

B) A-MCI

C) HCvs a-MCl

I HE > a-MCI
M a-MCl > HE
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DTRP

@ @]
@ @

HE > a-MCl
a-MCl> HE

Fig. 4. Spatial Maps for the ATRP and DTRP corresponding éanlain task-related component for the HE group (A) and theCi-tfioup (B),

and inferences between these maps (C).

The DTRP included medial and lateral cortical re-

the region that showed the largest differences between

gions in close correspondence with those described asgroups, extending to the anterior fusiform (temporal)

the DMN [25,27]. In medial prefrontal cortex regions,
the anterior cingulate was involved (BA24 and BA32).
In posterior areas the middle occipital (BA31) and pari-
etal (BA7) precuneus, the posterior cingulate cortex
(PCC, BA31, and BA23) and the retrosplenial cingu-
late cortex (BA29/30) were included. Finally, regions
of the inferior parietal lobe (BA39 and BA40 of both
hemispheres), and regions of the right superior tempo-
ral gyrus (BA41) also formed part of this network (see
Figs 3 and 5).

fMRI differences of the main task-related network
between HE and a-MCI patients

When HE and MCI groups were analyzed in sepa-
rate ICAs, we found differences regarding the spatial
extension of the main task-related component for both

among MCI. In contrast, among HE, increased activity
was found in the cuneal cortex, the middle occipital
gyrus (BA19), and the inferior (BA39) and superior
parietal lobe (BA7). Finally, in anterior regions we
found a large cluster of increased activation among HE
in the inferior frontal gyrus (BA6/BA46). However, in
nearby areas a-MCl also exhibited a stronger fMRI sig-
nal (inferior frontal gyrus and precentral gyrus (BA6/9).
Smaller clusters of differences were further observed
in the orbital cortex (BA13/BA47) where HE showed
increased activations, and in the postcentral, and pre-
central sulcus (BA2/3/4), subgenual cortex (BA25/32)
and frontal pole, where the fMRI signal was higher in
a-MCl than in HE.

The spatial extension of the DTRP also differed be-
tween groups. First, the posteromedial area was larg-
er for the HC group in the precuneus (BA7) and PPC

groups (see Methods for the procedures used in the se-(BA31 and BA 29/30) cortices. Conversely, in a-MClI
lection of the component). Figure 4 shows the task- the extension was bigger in inferior parietal lobes in-
related componentfor each group (Fig. 4A and 4B) and cluding the angular gyrus (BA39) bilaterally and the
inferences between them (Fig. 4C). For ease of presen- supramarginal gyri in the right hemisphere (BA40).
tation, activation and deactivation regions from a single

IC were split into separate figures. Here we see that the Gray matter volumes within the identified functional
spatial map of the ATRP comprised occipital regions networks

that were more ventrally orientated in the MCI group

than in HE. The differential areas were found in the
middle occipital gyrus, fusiform, and lingual cortices
(BA17/18/19), with the occipital fusiform cortex being

Several ROIs were defined on the basis of the func-
tional results reported (see Methods and Fig. 2 for the
methodology used). First, four isolated regions were
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I ATRP- Cortical Gray Matter
I ATRP-White Matter Tracts

I DTRP- Cortical Gray Matter
I DTRP-White Matter Tracts

Fig. 5. Three dimensional representation of the structui@h network subserving the main task-related ICA patiehealthy elders and a-MCI
patients. A complete description of all the cortical aread WM connectivity paths shown in the figure is given in the mtaixt.

identified within the ATRP, two in posterior brain areas
(posterior right and posterior left) and two in the ante-
rior part (anterior right and anterior left). Furthermore,
three ROIs were defined from DTRP areas (henceforth
the anterior cingulate ROI, posteromedial ROI, and bi-
lateral inferior parietal ROIs). Note that in the case of
the DTRP, the two inferior parietal regions (bilaterally)
were considered as a single ROI.

GM volumes were measured within each ROI. Group
differences are shown in Table 2 and Fig. 7. GM vol-
umes in areas of the DTRP showed statistically sig-
nificant differences, mainly due to differences in the
posteromedial ROI (precuneus/PCC).

Moreover, a standard whole-brain VBM analysis was
also performed to compare GM from both groups. Re-
sults from this analysis are not shown, but they corrob-
orated the previous literature on MCI patients (being
the main differences in regions in the temporal lobes,

such as the hippocampus and parahippocampus, lin-

gual gyrus, and temporal fusifornp, < 0.01, FWE
corrected).

White matter connectivity
WM fiber tracts were identified using probabilis-

tic tractography as described previously. Results can
be seen in Figs 5 and 6. Figure 5 contains a three-

dimensional representation of cortical areas and fiber

pathways connecting them (pathways are averaged
across all the subjects). In Fig. 6, average connectivity

maps for each group are represented separately on an
FA template.

In the ATRP, fronto-occipital connectivity was ana-
lyzed separately for each hemisphere (using its poste-
rior ROI and anterior ROI as seed regions), and inter-
hemispheric connectivity was analyzed between both
the two anterior and the two posterior ROIls. Fiber
tracking results indicated that the main paths connect-
ing ATRP regions were the superior longitudinal fas-
ciculus bilaterally, the right inferior longitudinal fas-
ciculus, and the right inferior fronto-occipital fascicu-
lus. Moreover, the splenium and the genu of the corpus
callosum provided inter-hemispheric connectivity.

As regards the identification of WM fiber tracts con-
necting DTRP areas, the cingulum bundle bilaterally
was clearly identified as the major component connect-
ing the posteromedial ROI with the anterior cingulate.
Furthermore, DTRP-related structural connectivity was
also found in the right inferior fronto-occipital fascicu-
lus, the inferior longitudinal fasciculus bilaterally gnd
finally, in the splenium of the corpus callosum connect-
ing posteromedial and bilateral inferior parietal ROIs.

Moreover, FA values were used to quantify fiber in-
tegrity within each pathway. Comparisons of these
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Table 2
GM and FA measurements within the ATRP and DTRP areas
HE a-MCl t-test pvalue
ATRP measures
GM volumes (mnd) 31564 (2876) 29576 (3627) 1.70 0.11
Left posterior areas 15894 (1720) 14816 (1970) 1.59 0.12
Left anterior areas 1581 (125) 1523 (160) 1.09 0.28
Right posterior areas 11343 (1306) 10596 (1610) 1.39 0.17
Right anterior areas 2746 (304) 2639 (257) 1.04 0.31
FA scores
Left longitudinal tracts 0.445(0.038)  0.427 (0.041) 1.23 .20
Right longitudinal tracts 0.410(0.031) 0.386(0.031) 2.07 0.05
Anterior CC 0.399 (0.084) 0.391(0.037) 0.35 0.73
Posterior CC 0.460 (0.057)  0.439(0.067) 0.92 0.36
DTRP measures
GM volumes (mmd) 15240 (1079) 14112 (1564) 2.30 0.03
Posteromedial area 6897 (649) 6195 (1050) 2.20 0.04
Bilateral parietal areas 6477 (710) 6059 (783) 1.52 0.13
Anterior cingulate 1891 (203) 1797 (216) 0.61 0.55
FA scores 0.387(0.032) 0.362(0.029) 2.56 0.016
Cingulum bundle 0.396 (0.032) 0.369 (0.025) 2.54 0.017

Posterior interhemispheric tracts ~ 0.397 (0.038)  0.3703@). 2.0 0.06

A) ATRP- HE C) DTRP-HE

& 8 &

L o "

-5
Y 4

Left Hemisphere Left Hemisphere

B) ATRP-aMCl D) DTRP-amMCl

& " %

Fig. 6. Mean probabilistic maps reflecting WM connectivityioth ATRP (A and B) and DTRP (C and D) and for the two groups @l
a-MCl) separately.

results showed significant differences between groups Activation and task performance

only in DTRP related pathways, due mainly to differ- Mean BOLD signal measured in the posteromedial
ences in the tracts of the cingulum bundle (see Table 2 ROI of the DTRP during rest (rest-DTRP activation)
and Fig. 7). correlated positively with task performance only in the

HE group ¢ =0.72,p = 0.03, corrected). No relation-
Correlations between structural measures, functional —ships with the PDT score and task-ATRP activations or
activation, and task performance rest-DTRP activation were found in the a-MCI group.

Task/rest activations Structure and task performance

As expected, there was a high correlation between  No relationships were found in the HE group be-
the mean BOLD signal in ATRP regions during task tween main task-related pattern structural measures and
performance and in DTRP regions during rest periods task performance. Moreover, for the a-MCI group, two
for the HE and a-MCI groups-(= 0.83,p < 0.001). significant correlations were found, both concerning
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Fig. 7. Percentages of mean GM and tract-related FA los&iékCI group relative to the HE group. An extended descriptibthe anatomical
cortical regions included in each ROI, and fiber tracts atersid in each connectivity pathway is given in the main t&xt< 0.05 in the HC vs.

a-MCl t-test, and*p < 0.02 in the HC versus a-MCI t-test.

DTRP-related measures. Task performance correlated
positively with both DTRP GM volumesr(= 0.60,

p = 0.04, uncorrected) and mean FA within the longi-
tudinal medial tracts of the DTRP & 0.62,p = 0.03,
uncorrected). However, these two latter results did not
survive correction for multiple comparisons.

Function and structure

When the mean BOLD signal was measured individ-
ually in all the ROIs defined, only the signal measured
in the two ROIs formed by bilateral parietal regions
of the DTRP (BA 39/40) showed negative correlations
with its underlying GM volumes in the a-MCI group
(r=-0.73,p = 0.011).

Finally, some analyses considering the follow-up re-
sults were performed, a-MClI patients were divided into
two groups, converters(= 5) and no converters(=
10). There were no differences between the two sub-
groups (converters versus no converters) in any of the

DISCUSSION

To our knowledge, thisis the first MRI-based study in
MCI patients to characterize the GM and WM anatomi-
cal components of a task related cognitive cerebral net-
work. Several main findings emerge from our multi-
modal MRI study. First, the ICA analyses identified
two major anatomic-functional networks in the main
component related to the processing of the visual task.
The ATRP was identified by virtue of higher activity
mainly in occipital, temporal, and parietal areas, and to
a lesser extent in frontal regions. Likewise, the DTRP
comprised areas anatomically comparable to the DMN
in which increased activity was observed during pas-
sive processing. In the ARTP network, a-MCI exhib-
ited functional reorganizations reflected by an increase
in the fMRI signal in ventral occipital areas compared
to healthy elders in the context of comparable GM atro-
phy and WM fiber integrity. In DTRP regions, patients
presented deactivation deficits in posteromedial areas
and increased deactivation in lateral parietal regions. a-
MCI patients showed GM atrophy in the regions under-

measures found to be sensitive to differentiate between lying the DTRP network, particularly in the precuneus

HE and a-MCI patients.

and PCC, as well as reduced WM integrity in struc-
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tural pathways connecting DTRP areas, specifically in
the cingulate bundles. Finally, relationships between
structure, function and performance were found only
in DTRP-related measures; in the HE group, activation
of the PCC during rest was correlated with task perfor-
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brain areas. The fact that in our study superior lon-
gitudinal fasciculi were identified bilaterally, whereas
inferior longitudinal and inferior fronto-occipital fas-
ciculi were only located in the right hemisphere, may
suggest a stronger load of the task in the dorsal than in

mance, and among patients, the structural measures ofthe ventral pathway.

the DTRP network correlated with task performance.
Nonetheless, this latter result should be considered with
caution, since it did not survive multiple comparison
correction.

Our findings for the ATRP revealed that regions acti-
vated during the processing of complex visual pictures
mainly span primary and lateral extrastriate regions,
the posterior parts of the temporal lobes (temporo-
occipital) and the superior and inferior parietal cor-
tices. Overall, this pattern of activation is consistent
with previous PET and fMRI studies of brain activi-
ty associated with face and object recognition, spatial
localization [45-48], and visuospatial attention [49].
Hence, topographic analysis of the ATRP network sug-

Regarding group comparisons for the ATRP func-
tionality, a-MCI showed higher activity than HE in
more ventral cortices. Previous studies [22,52] have
reported increased activations in AD in the fusiform
gyrus during visuospatial processing and reduced ac-
tivations in areas of the dorsal stream. These findings
build on previous fMRI studies of visuospatial [18,19]
and visuoperceptive [19,20] functions in MCI, show-
ing that patients tend to use alternative networks dur-
ing complex visual processing. One possible explana-
tion may be that a-MCI patients use distinct functional
strategies, as it has already been observed by Bokde et
al. [22], Alternatively, the increased activation in ven-
tral pathway may reflect the use of the same functional

gests that our task incorporates both visuoperceptive strategy as in HE (albeit used less efficiently) and the

components of the ventral visual stream (identification
of the blurred images) and the visuospatial function re-
lated to the dorsal visual system (selecting the image
in a given position in space). Moreover, and especially
in the right hemisphere, areas of the dorsolateral pre-
frontal cortex including the inferior prefrontal (BA45)
and dorsal premotor (BA6) cortices were also found to
be part of the network. The involvement of these re-
gions also corroborates the findings of Bokde et al. [20]
in MCI patients using a visuoperceptive task and func-
tional connectivity analyses, and those of Vannini et

need to recruit additional resources as a compensatory
mechanism. The neuropathological damage present in
MCI [53-56] may account for the existence of these
functional compensatory mechanisms. We also ob-
served some differences in frontal lobe areas, including
both increased and decreased activations. Increased
activation would reveal compensatory mechanisms in
anterior areas coexisting with compromised posterior
systems [19]. In contrast, areas of decreased activation
may reflect dysfunctional prefrontal regions character-
istic of this condition, as previously shown in an fMRI

al. [18] who used a visuospatial task based on an angle study of executive functions [15]. Overall, the fMRI

discrimination testin MCI. In our study the observation
of frontal lobe activity supports the idea that it includes
both visual systems, as the prefrontal cortex is the prin-
cipal area of integration of visual information from the
ventral and dorsal pathways [50].

The probabilistic tractography analysis identified
WM tracts connecting ATRP cortical sites compatible
with anatomical descriptions of the superior longitudi-
nal fasciculus dorsally and the inferior longitudinal and
fronto-occipital fasciculi ventrally. In general, the ite

frontal lobe findings were relatively modest compared
to the posterior regions and included increased and de-
creased activations; their interpretation is complex and
cannot be completely elucidated in the present study.
Concerning the comparison of the anatomical com-
ponents of the ATRP, GM volumes and fiber tract FA
measures did not reveal significant differences between
a-MCland healthy elders. In our study, the morpholog-
ical characteristics of the ATRP did not correlate with
task performance or fMRI changes. However, as func-

tification of these major bundles corroborates a recent tional differences were found, these results are in line
study in young healthy subjects which identified WM  with previous fMRI reports that showed functional re-
tracts based on fMRI activations during a visuospatial organizations preceding marked MRI-detectable brain
attention task [51]. The convergence between the two atrophy, a finding already demonstrated in studies of
sets of findings provides methodological supportforthe at-risk dementia populations [6,57,58]. The lack of
idea that the pathways identified in our studies among structure-function associations of our study is at vari-
HE and MCI correspond to the actual anatomical con- ance with those of Teipel and colleagues [21] in MClI,
nections between dorsolateral and posterior functional who found relationship between brain activity and the
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underlying GM volumes. The differences between the areas of greater signal in parietal regions in the context
results are probably due to distinct methodological ap- of reduced PCC activity, and are also comparable with
proaches (region-based vs. whole-brain analyses) andthose of Bai et al. [66]. These neocortical activations
may also be related to different levels of task-demands. have been associated to compensatory responses relat-

Furthermore, a study by Gold et al. [59] also report-
ed differential fMRI patterns in the fusiform gyrus be-
tween a-MCI and healthy elders, accompanied by pre-
served underlying anatomy (but GM atrophy in the me-
dial temporal lobe was observed in a whole-brain VBM
analysis). In summary, although our study shows that
a-MCI patients recruit a differential pattern of brain
activity; these functional changes do not seem to cor-
respond to clearly detectable damage in GM and WM
regions of this network.

Using an ICA approach — a powerful tool to
find spatio-temporally independent brain networks —
we were able to identify, in addition to the main
task-activation areas, the task-deactivation network
which closely matched the anatomical regions of the
DMN [25,26]. First, within this pattern, we observed
a high correlation between rest-related activation and
task performance in the HE group, which was in con-
cordance with previous studies of DMN activity and
its relationship with task outcome [60,61]. In con-
trast, such correlations could not be observed for the
functional components of the ATRP in any of the stud-
ied groups. A plausible explanation is that the narrow
range of score distributions for task performance pre-
cluded to observe covariations with BOLD variabili-
ty in a brain network (ATRP) comprised of brain re-
gions directly involved in high order visual processing,

ed to memory process. Our study also provides the
direct observation that higher task-related deactivation
in inferior parietal regions appears to be in response to
greater GM atrophy, as negative correlations between
GM volumes and brain activity were observed only for
the a-MCI group in these particular regions.

The presence of both significant GM atrophy and re-
duced microstructural WM damage in DRTP regions
in our patients was one of the principal findings of our
investigation. To our knowledge, only two previous
reports were specifically designed to investigate the re-
lationship between structural changes and functional
resting-state networks in a-MCI; these studies included
VBM analyses and were restricted to GM measures [65,
66]. In one of those studies, GM atrophy in patients did
not overlap with the functional resting networks identi-
fied, including the DMN [65]; however, they also found
GM atrophy in the PPC/precuneus area. As discussed
above, here DTRP structural alterations emerged in the
context of an anatomically preserved main-task (i.e.,
ATRP) brain network. Furthermore, we observed a
correlation between structural DTRP-related measures
(GM volume and mean FA within the cingulum) and
task performance, suggesting that structural alterations
in the DMN already have an impact on cognitive vari-
ation in a-MCI. However, these latter results did not
survive correction for multiple comparisons and thus

as all healthy elders (but also most patients) obtained need to be considered very cautiously. Taken togeth-
high scores with low inter-individual variability. On  er, these observations emphasize the need to consider
the other hand, the associations regarding the posteriornot only the functionality but also the structure of the
DMN could reflect either a system already affected by DMN-related regions as early markers of neurodegen-
the ageing process [62] and/or a system that correlateseration in preclinical dementia, a notion that in gener-
with cognitive function in a more general way [27], al is compatible with the progressive convergence of
and thus being more sensitive to a broader range of functional, molecular and structural damage in this area
subtle behavioral differences. This relationship (DMN in established AD patients reported by Buckner and
and task performance) was not found in a-MCI, prob- colleagues [27,67]. More specifically, the clinical rel-
ably due to the atrophy — in DTRP areas in this group. evance of functional and structural alterations in these
Furthermore, from the separate ICAs approach, in the posteromedial regions in a-MCI has been reported in
DTRP network, a-MCl exhibited deficits mainlyin pos-  separate recent findings revealing focal GM atrophy in
teromedial structures, including the PCC and the pre- the posterior cingulate region (BA 29/30 and BA 23
cuneus. These observations have been already reportedetrosplenial cortex [68], as well as regional metabol-
in fMRI studies on memory tasks [13,28,63,64]and in ic dysfunctions [69,70] and fMRI deactivation alter-
resting-fMRI studies [30,65,66]. A further observation ations [64] in a-MCI patients with confirmed conver-
was that besides exhibiting disruption of posteromedi- sion to dementia.

al deactivations, the opposite pattern was observed in  Finally, in our study we identified major WM fiber
lateral inferior parietal areas. These latter findings are bundles connecting DTRP cortical areas. In spite of
in agreement with those of Qi et al. [30], who reported the methodological differences in DTl sequence ac-
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quisition and processing, these results corroborate re-

cent resting-state fMRI findings that the connectivity
of functional networks including the DMN is generally

supported by direct structural connectivity, as proven
by the identification of the same main bundles, such
as the cingulum [71,72], the superior fronto-occipital
fasciculus, and the genu of the corpus callosum [73].
Anatomically, a-MCI patients showed significant FA

reductionsin medial tracts compatible with the anatom-
ical characterization of the cingulate bundle. In our
previous DTI study using a voxel-wise DTI analysis,

we observed mean FA reductions among a-MCl in all
regions where AD patients showed alterations, includ-
ing parts of this pathway [74]. Thus, while the results
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altered in the a-MCI stage, and so we only included
patients with normal performance on the PDT test, val-
idated in the Spanish population [33]. For this reason
we were unable to gather a group of AD patients with
clearly preserved cognitive function in this domain. A
second limitation concerns the behavioral variable used
in the correlations between the structural and function-
al findings of our integrated networks. Due to tech-
nical problems, a significant proportion of responses
obtained within the fMRI were lost and thus we were
obliged to substitute them with the direct scores of the
PDT test, for correlations with MRI data. Since our
fMRI task was a direct adaptation of this test using the
same stimuli, one would expect similar proportional

are concordant, the focused damage reported here inperformances in both tasks, but the actual direct cor-
this particular tract, but not the other damage identified relations between responses recorded within the fMRI
in the present study, is probably due to a more thor- were notavailable. Finally, another limitation was that,
ough methodological approach involving the perfor- besides having the follow-up information, the small
mance of probabilistic tractography rather than whole- number of subjects in the sample probably precluded to
brain voxel-wise analyses. Overall, cingulate bundle establish conclusions of how the parameters analyzed
involvement based on FA measures has been demon-here could be helpful to determine conversion from

strated in recent DTI literature in MCI [75—79]. The
novelty of our study, besides being one of the few in-
vestigations of MCI to include tractography, is that

MCI to AD.
In summary, the results of the present study provide
novel information that should be useful for a better un-

we demonstrate microstructural damage of this bundle derstanding of the functional and structural brain char-
and posterior GM-associated regions and do not isolate acteristics in MCI as a prodromal condition of AD.
them on the basis of an anatomical label, but as part of First, our study confirms previous findings indicating
the anatomy integrated within functional deactivation that the investigation of the visual system using fMRI
areas during task performance. In the present report, provides useful information reflecting early changes in
we used FA as a measure of WM integrity, as it has this condition. Importantly, they extend former knowl-
been widely used in the literature. However it should edge demonstrating that brain dysfunctions, mainly in
be noted that underlying this common definition there the dorsal pathway and probably reflecting compen-
may be a number of neuropathological or neuroanatom- satory mechanisms, can be evidenced at the stages
ical processes such as demielinization, axon density, where clinical compromise of visuoperceptive and vi-
axonal membrane integrity, wallerian degeneration or suospatial functions is excluded. This latter observa-
intravoxel coherence of fiber integration [74]. Further- tion reinforces the idea that fMRI information may be
more, a full established clinical-anatomopathological considered as a potential biological marker of prodro-
model of FA changesis not available. Thus, the general mal AD. Second, like some of the cortical areas of the
interpretation of FA reductions as loss of WM integrity  visual system, the DMN especially in its posteromedi-
stated in our study should be considered in the light of al part exhibited functional abnormalities. Further, in
the current partial knowledge, which may change inthe our analytical approach from the fMRI information we
near future. were able to observe cortical atrophy as an anatomical
Several limitations of the present study should be substrate of these deactivation deficits. In the same
considered and improved in further research. First, the comprehensive analyses, WM compromise was evi-
inclusion of an AD group would have been desirableto denced in the cingulate bundle, a main fiber pathway
investigate the anatomo-functional changes of the net- conforming part of the structural network of the DMN,
work identified, as brain damage progresses from nor- as identified in previous studies. Thus, a second and
mal aging to a-MCl to established dementia. However, mostrelevantimplication derived from our study is that
as we stated above, the focus of the investigation was it supports the use of ICA-based, multimodal MRI in-
to determine which structural and functional compo- vestigation as a particularly sensitive approach to illu-
nents of the network and their interactions were already minate the breakdown of the anatomofunctional com-
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ponents of the DMN in early AD, differentiating them  [9]
from healthy aging. Finally it is also interesting to note
at a practical level that since the cognitive task adapted
to the fMRI was clinically spared in all patients, our
multimodal study represents an heuristic approach to
investigate the functional and structural status of rele-
vant brain networks in prodromal stages of AD reduc-
ing common problems associated with complex tasks (11
such as very poor execution levels, or inability to un-
derstand or perform the task in a proportion of patients.

[20]
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