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Abstract.

Background: Many neuroimaging parameters have demonstrated utility as biomarkers in preclinical AD, including resting-
state functional connectivity in the default mode network. However, neuroimaging is not a practical, cost effective screening
instrument.

Objective: Here we investigate the relationship between performance on a cognitive-motor integration assessment and
alterations in resting-state functional connectivity in an at-risk population.

Methods: Three groups of ten adults (young: mean age=26.6 £ 2.7, low AD risk: mean age=58.7 &+ 5.6, and high AD
risk: mean age =58.5 & 6.9) performed a simple cognitive-motor integration task using a dual-touchscreen laptop and also
underwent functional magnetic resonance imaging at rest.

Results: We found poorer cognitive-motor integration performance in high AD risk participants, as well as an association
with lower resting-state functional connectivity in this group.

Conclusion: These findings provide novel insight into underlying AD-related brain alterations associated with a behavioral
assessment that can be easily administered clinically.

Keywords: Aging, ApoE4, dementia, functional magnetic resonance imaging, geriatric assessment, population at risk,
psychomotor performance

INTRODUCTION behavioral assessments of short-term and episodic
memory, can only identify individuals after signifi-

Current clinical criteria for the probable diagno- cant damage to the brain has already occurred [1]. In
sis of Alzheimer’s disease (AD), largely involving order to develop and evaluate treatments to prevent or
delay neurodegeneration, research investigating early
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are at greater risk of late-onset AD, amyloid deposits
in the walls of cerebral blood vessels, and cogni-
tive decline in normal aging [2], 2) family history,
in which individuals who have a first-degree rela-
tive with AD are more likely to develop the disease
then those who do not [3-5], 3) amyloid-beta (A3)
imaging, whereby a high level A3 deposition in the
brains of cognitively healthy individuals is associated
withincreased AD risk and future declines in episodic
and working memory [6], and 4) neuropsychological
tests of subtle cognitive changes (i.e., mild cognitive
impairment, MCI), whereby a clinical diagnosis of
MCI (particularly amnestic MCI) is associated with
increased risk of progressing to AD dementia [7].
Using these methods to identify at-risk groups and
compare neuroimaging measures relative to cogni-
tively healthy low-risk groups can provide important
insight into early brain changes, which may prove
useful in developing biomarkers for the early detec-
tion of AD pathology and the prediction of dementia
before the onset of clinical symptoms.

The accumulation of recent evidence from func-
tional connectivity and DTI studies provides support
for the view that AD is a disconnection syndrome,
with cognitive impairment resulting from disrup-
tion to functional activity across interconnected brain
regions [8, 9]. Furthermore, evidence in preclinical
populations of functional and structural disconnec-
tion suggests that this may be an early identifying
feature of the disease [10-22]. For example, several
studies using resting-state functional magnetic res-
onance imaging (rs-fMRI) in preclinical AD have
demonstrated reduced functional connectivity across
interconnected cortical regions including the pre-
cuneus, lateral parietal, lateral temporal, and medial
prefrontal cortices, known as the default mode net-
work (DMN), that are normally active in correlation
with each other during rest [11-15]. One way to
test the integrity of communication among differ-
ent brain regions is to employ a task that requires
the integration of different domains. To this end,
there have been recent behavioral demonstrations
of impaired visuomotor control under cognitively
demanding conditions, which requires sound con-
nections between disparate brain regions, in early
and preclinical AD [23-31]. Specifically, these pop-
ulations demonstrate impaired reaching performance
on visually-guided tasks that rely on the ability
to inhibit the default tendency to move towards
a visual stimulus, in order to move in the oppo-
site direction and/or in a different spatial plane
[20-24]. Initial evidence for the neural underpin-

nings of such impairment comes from our previous
structural neuroimaging work in preclinical AD,
which demonstrated an association between diffusion
tensor imaging (DTI) measures of white matter (WM)
integrity and cognitive-motor performance [32].

Here we test the utility of a simple behavioral
cognitive-motor integration task to serve as a marker
for disrupted reciprocal communication in resting-
state functional neural networks. Specifically, we test
the hypothesis that the cognitive-motor integration
deficits observed in high AD risk participants may
be associated with brain alterations disrupting recip-
rocal communication in the DMN. By investigating
the relationship between measures of neural net-
work efficiency and simple kinematic measures of
cognitive-motor integration performance in preclin-
ical AD, we provide novel insight into a pragmatic,
clinically accessible behavioral assessment for early
disease detection.

MATERIALS AND METHODS

Subjects

The same thirty right-handed female participants
as in Hawkins et al. [32] were included in this study:
10 healthy young controls (mean age=26.6 & 2.7),
10 low AD risk older adults (mean age =58.7 £ 5.6),
and 10 high AD risk older adults (mean age=58.5 +
6.9). In this preliminary study, we focused on female
participants due to the greater prevalence of AD in
this population [33, 34], evidence that women who
carry the ApoE4 allele may be particularly vulnera-
ble to AD pathology affecting brain connectivity [35],
and in order to avoid sex-related confounds inherent
in brain imaging studies when there is not enough
data available to perform sex-difference analyses.
Exclusion criteria were vision or upper-limb impair-
ments, medical conditions that would hinder task
performance (e.g., severe arthritis), neurological or
psychiatric illnesses (e.g., schizophrenia, depression,
alcoholism, epilepsy, Parkinson’s disease), and/or
history of stroke or severe head injury. Participants
were not specifically questioned about chronic con-
ditions such as hypertension or diabetes, which could
have an impact on white matter integrity and brain
connectivity, however none reported these condi-
tions during the screening interview and there is
no reason to suspect any group differences. Clas-
sification as high AD risk was based on reporting
either a maternal, multiple, or early-onset family his-
tory of AD [3-5], but with no cognitive impairment
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as indicated by the Montreal Cognitive Assessment
(MoCA). Since paternal history alone may not carry
the same increased risk as maternal history, this
was not included as part of the high AD risk clas-
sification [36-38]. Low AD risk participants were
age-matched with high AD risk participants and
reported no dementia of any type within their known
family history, expressed no memory complaints
beyond normal expectations for their age and scored
at or above age- and education-adjusted norms on
the MoCA. Older adult participants also provided
saliva samples for ApoE genotyping (Viaguard Accu-
metrics, Toronto ON), which supported the increased
genetic risk in our positive family history sample (i.e.,
80% ApoE4 carriers). Demographic characteristics
for all study participants are summarized in Table 1.
The study protocol was approved by the Human Par-
ticipants Review Sub-Committee, York University’s
Ethics Review Board, and conforms to the standards
of the Canadian Tri-Council Research Ethics guide-
lines.

Rule-based visuomotor assessment

Our visuomotor assessment is described in detail in
Hawkins and Sergio [26]. Briefly, participants were
tested on two visuomotor transformation tasks pre-
sented on an Acer Iconia 6120 dual-touchcreen tablet.
In one task the spatial location of the viewed target
and the required movement were the same (standard
task), and in the other, more cognitively demanding
non-standard task, the location of the viewed target
was dissociated from the required movement (i.e.,
in both a different spatial plane and in the opposite
direction; Fig. 1A). These two tasks were presented
in arandom order across participants and consisted of
five pseudo-randomly presented trials to each of four
peripheral targets (from a common central ‘home’
target), for a total of 20 trials per condition and
40 trials per participant (Fig. 1B). Participants were
instructed to move as quickly and accurately as possi-
ble. Each participant was also given two practice trials
per target prior to each condition and their eyes were
monitored throughout the experiment using a web-
cam to ensure compliance with the task instructions
(i.e., always look toward the visual target).

Imaging data acquisition

A 3 Tesla Siemens Tim Trio scanner was
used to acquire anatomical and functional mag-
netic resonance imaging (MRI) data. Sequences

A Standard MNan-standard

2 A
N

3\

CHT RT| MT | THT
4000 ms |500 ms

Fig. 1. A) Schematic drawing of the two experimental conditions.
Light grey circle, eye, and hand symbols denote the starting posi-
tion for each trial (i.e., the home target). Dark grey eye and hand
symbols denote the instructed eye and hand movements for each
task. Dark grey circle denotes the peripheral target, presented ran-
domly in one of four locations. White square denotes the cursor
feedback provided during each condition. B) Trial timing. Open
circles denote non- illuminated target locations. Disappearance of
the home target (which occurred at the same time as presenta-
tion of the peripheral target) served as the “go-signal” to initiate
movement. CHT, center hold time; RT, reaction time; MT, move-
ment time; THT, target hold time. Reprinted with permission from
Hawkins et al. [32].

included a high-resolution T1-weighted anatomical
scan using magnetization prepared rapid gradient
echo (MPRAGE), and an echo planar imaging
(EPI) sequence sensitive to blood-oxygenation-
level dependent (BOLD) contrast. The MPRAGE
sequence consisted of 192 sagittal slices with a
slice thickness of 1 mm with no gap, field of view
(FOV) of 256 mm x 256 mm, and a matrix size
of 240 x 256, resulting in a voxel resolution of
1 x 1 x 1 mm? [repetition time (TR) = 2300 ms, echo
time (TE)=2.96ms, flip angle=9°]. For the func-
tional sequence, participants were asked to lie still
in the scanner with their eyes closed for six minutes
and to let their mind wander. 35 axial slices were
acquired witha TR of 2000 ms, TE of 30 ms, flip angle
of 90°, slice thickness of 4 mm with no gap, FOV
of 210mm x 210 mm, and matrix size of 56 x 70,
resulting in a voxel resolution of 3 x 3 x 4 mm?.

Kinematic data analysis

A custom written C++ application was used to
record and convert the touchscreen data to MATLAB
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Table 1
Demographic characteristics of subjects
Young Low AD Risk High AD Risk

Number 10 10 10

Age (SD) 26.6 (2.7) 58.7 (5.6) 58.5(6.9)
Years of education (SD) - 179 (3.1) 16.8 (3.1)
MoCA score (SD) - 27.9 (1.7) 28.3(2.2)
ApoE genotype (% E4 carriers) - 20% 80%

SD, standard deviation; MoCA, Montreal Cognitive Assessment; ApoE, apolipoprotein E.

format in order to calculate kinematic outcome
measures [26]. On- and off-axis constant errors (CE),
measuring accuracy, were computed as the average
distance between the target and the ballistic (initial)
movement endpoints. Variable error (VE), measuring
precision, was computed as the standard deviation of
the ballistic movement endpoints. Corrective move-
ments (CPL: corrective path length) were quantified
as the difference between the total path length and the
ballistic path length. Reaction time (RT) and move-
ment time (MT) were calculated as the time between
disappearance of the home target (‘go signal’) and
movement onset, and the time between movement
onset and the final movement endpoint, respectively.
All kinematic measures were averaged across the four
peripheral targets. For the non-standard condition,
these kinematic measures were summarized into error
and timing scores by calculating z-scores and averag-
ing across the CE, VE, and CPL variables, and the RT
and MT variables, respectively. These performance
error and timing scores from the non-standard condi-
tion were then used to assess the relationship between
cognitive-motor performance and resting-state func-
tional connectivity in our seed-based correlational
analyses.

Imaging data analysis

Imaging data were analyzed using the Oxford
Centre for Functional Magnetic Resonance Imag-
ing of the Brain (FMRIB) Software Library (FSL -
http://www.fmrib.ox.ac.uk/fsl; [39]). First, in order
to identify regions with coherent spontaneous fluctu-
ations in the BOLD signal, a temporally concatenated
independent component analysis (ICA) was applied
to the resting state data using FSL’'s MELODIC.
For each experimental group, the 2D matrices of
each subject’s preprocessed (i.e., high-pass filtered
at 0.01 Hz, MCFLIRT motion corrected, slice timing
corrected, spatially smoothed by an 8 mm FWHM
Gaussian kernel, and registered to standard MNI
space) functional data set were stacked on top of

each other, and then a single ICA was run on this
concatenated data matrix. This approach allowed us
to look for common spatial patterns in the resting
state data without assuming that the associated tem-
poral response was consistent between subjects. In
order to minimize false-positives, a threshold level
of 0.66 was used. The spatial maps generated by the
MELODIC ICA allowed us to identify the compo-
nent representing the DMN, which was then isolated
using the ‘fslsplit’” command. In order to estimate
a “version” of the healthy young group-level DMN
functional connectivity for each subject, the FSL
‘dual_regression’ command was used to regress the
young DMN spatial map into each subject’s 4D
dataset, resulting in a set of time courses. These time
courses were then regressed into the same 4D dataset
to get subject-specific spatial maps of the DMN [40].
The FSL ‘cluster’ and ‘fslmaths’ commands were
also used on the subject-specific spatial maps in order
to determine the peak activations (local maxima) and
cluster sizes within each subject’s DMN.

In order to conduct seed-based analyses, the DMN
cluster coordinates generated in standard MNI space
by FSL MELODIC for each subject were con-
verted to functional space using the FSL command
‘std2imgcoord’. Eight seed regions were isolated,
including the precuneus (PCUN), medial frontal
cortex, right/left parietal cortex, right/left middle
temporal gyrus (MTG), and right/left middle frontal
gyrus (MFG). Seed masks (6 mm radius) for each
subject were then generated around these coordinates
in functional space. Next, the raw functional data
were preprocessed, which included applying a high
pass filter (0.01 Hz), motion correction (MCFLIRT;
[41]), slice timing correction (interleaved), removal
of non-brain structures, spatial smoothing (6 mm
FWHM), and registration to both brain-extracted
anatomical (BET; [42]) and standard (MNI152)
images. A 5th order bandpass Butterworth filter
was then applied in MATLAB in order to include
only low-frequency fluctuations in the BOLD signal
between 0.01 and 0.1 Hz [43]. These preprocessed
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and filtered resting state data were then used to cal-
culate the average time series of all voxels in each
seed mask for each volume in every subject. In order
to calculate mean white matter, cerebral spinal fluid,
and global signals for use, along with the transla-
tional and rotational motion correction parameters,
as nuisance regressors, the brain-extracted anatom-
ical images were also segmented using FMRIB’s
Automated Segmentation Tool (FAST; [44]). Prior to
running group-level statistical analyses, within sub-
ject first-level analyses were run for each seed region
using FSL’s FMRI Expert Analysis Tool (FEAT),
with the above nuisance regressors entered as addi-
tional confound variables and the seed time course
entered as the predictor variable.

Statistical analysis

Statistical analyses of the behavioral data were
carried out in SPSS and included a mixed-design
analysis of variance (ANOVA) to compare all six
kinematic measures across the two task conditions
and between the three experimental groups, as well as
one-way ANOVAs to compare the summarized non-
standard error and timing z-scores between the three
experimental groups. Post hoc analyses were adjusted
for multiple comparisons using Bonferroni correc-
tion and were considered statistically significant at
p<0.05.

In order to statistically compare the DMN spa-
tial maps between groups, permutation testing
(thresholded at p<0.05 and corrected for multiple
comparisons using threshold-free cluster enhance-
ment - TFCE) was applied using the FSL ‘randomise’
command. Peak activations and cluster sizes for the
six classic DMN clusters (precuneus, medial frontal,
right/left parietal, and right/left temporal; [8, 45])
were also compared between the high and low AD
risk older adult groups using independent samples
t-tests in SPSS (alpha-level =0.05).

Since no significant age-related declines in DMN
functional connectivity were observed (based on
the DMN spatial maps permutation testing between
young and older adult low AD risk groups),
we restricted our seed-based correlational analy-
ses examining the relationship between resting-state
functional connectivity and cognitive-motor per-
formance to older adult participants. Specifically,
group-level analyses comparing low and high AD
risk older adults, with error and timing scores
entered as covariates of interest, were run sep-
arately in FEAT for each DMN seed region

using FMRIB’s Local Analysis of Mixed Effects
modeling (FLAME 1; cluster-thresholding for mul-
tiple comparisons: z=2.7, p=0.05). The purpose of
this analysis was to examine the effects of error and
timing scores on functional connectivity between the
eight isolated DMN seed regions and the rest of the
brain. Specifically, a significant positive effect of
error or timing score would suggest an association
between greater functional connectivity and poorer
performance, whereas a significant negative effect
would suggest the expected association between
impaired functional connectivity and poorer perfor-
mance (i.e., larger error and timing scores). For seed
regions where significant effects of error and/or tim-
ing score(s) on functional connectivity were found,
mean z-transformed r-values across all voxels were
calculated for each participant and scatterplots were
generated by correlating these values with error or
timing scores in SPSS (two-tailed Pearson’s r; alpha-
level =0.05).

RESULTS
Kinematic data

The ANOVA analyses demonstrated that all three
groups performed similarly across all outcome mea-
sures in the standard visuomotor task, whereas
performance in the non-standard task was signifi-
cantly slower, less accurate and less consistent in the
high AD risk group. These cognitive-motor deficits
observed in high AD risk participants are summa-
rized in Fig. 2, illustrating that error scores were
significantly larger in high AD risk relative to both
young and low AD risk participants (F; 27 =21.39,
p<0.0001; post-hoc: high AD risk - young=4.95,
p<0.00001, high AD risk - low AD risk=4.04,
p<0.0001), and timing scores were significantly
longer in high AD risk relative to young partici-
pants (F» 27 =5.31, p=0.011; post-hoc: high AD risk
- young = 1.87, p=0.009).

Imaging data

Significant mean co-activations with the young
group-level DMN component for both the low (red-
yellow) and high (blue-light blue) AD risk older adult
groups are displayed in Fig. 3A (p <0.02, corrected).
Figure 3B quantifies the sizes and peak activations
of these DMN clusters, revealing a tendency towards
smaller cluster sizes and lower peak activations in the
high AD risk group. Statistical comparisons between
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Fig. 2. Mean z-scores for error and timing kinematic measures in the non-standard task across groups (young: light grey bars, low AD
risk: medium grey bars, high AD risk: dark grey bars). Note that higher error scores reflect less accuracy and precision and higher tim-
ing scores reflect longer reaction and movement times. Means =1 SEM, **p <0.01. Reprinted with permission from Hawkins et al.

[32].

groups revealed that peak activation within the right
parietal cluster was significantly lower in the high
ADrisk group (¢13 =2.59, p=0.019). Figure 3C illus-
trates the permutation test results, revealing regions
of significantly greater DMN functional connectivity
in low AD risk relative to high AD risk partic-
ipants (p<0.02, corrected). These regions include
the precuneus/posterior cingulate, anterior cingulate,
superior frontal gyrus (SFG), MFG, left post- and
pre-central gyri, and the right thalamus. Coordinates
in standard space (MNI152), Harvard-Oxford struc-
tural labels, and significance values for these clusters
are listed in Table 2. There were no regions of sig-
nificantly greater DMN functional connectivity in the
high AD risk group relative to the low AD risk group,
as well as no significant age-related declines in DMN
functional connectivity in the low AD risk older adult
group relative to the young adult group.

In support of our hypothesis, significant cor-
relations were found between cognitive-motor
performance and resting-state functional connectiv-
ity in older adult participants. Specifically, we found
that larger error scores were associated with lower
functional connectivity between the left MFG and
right posterior parietal regions (Fig. 4A), as well as
between the right MTG and the right thalamus/basal
ganglia (Fig. 4B). We also found that slower timing
scores were associated with lower functional connec-

tivity between the right PCUN and left frontal regions
(Fig. 4C), as well as between the right MFG and left
frontal regions (Fig. 4D). These significant effects
of error and timing scores on seed-based functional
connectivity are summarized in Table 3.

DISCUSSION

In the current study, we demonstrate that females
at increased genetic risk of developing AD exhibit
significantly reduced resting-state functional con-
nectivity within the DMN. Importantly, we observe
significant correlations between DMN functional
connectivity and kinematic measures of cognitive-
motor performance in this group, despite no cognitive
or basic motor impairment. We previously found
that individuals at increased AD risk performed
significantly worse on visuomotor tasks under cog-
nitively demanding conditions [26], and that this
poor performance was associated with lower WM
integrity in the brain [32]. Here we extend these
findings by demonstrating that poorer cognitive-
motor performance in high AD-risk participants is
also associated with reduced resting-state functional
connectivity, including parietal-frontal, interhemi-
spheric, and temporal-subcortical connections. These
data support the power of using simple behavioral
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Fig. 3. A) Mean FSL MELODIC independent component analysis (ICA) activations for the default mode network (DMN) in the low (red-
yellow/background) and high (blue-light blue/foreground) AD risk groups (p <0.02, corrected). B) Bar graphs comparing mean (+ SEM)
DMN cluster sizes and peak activations (local maxima) between the low (light grey) and high (dark gray) AD risk groups. Asterisk denotes
significantly lower peak activation in the right parietal cluster for the high relative to low AD risk group (p <0.05). C) Regions of the DMN
ICA spatial map showing significantly lower activation in high relative to low AD risk older adult participants. Group differences calculated
using permutation testing (FSL randomise) and displayed at p <0.02 (corrected). AD, Alzheimer’s disease; S, superior; P, posterior; I,
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Fig. 4. Left panel: clusters showing significantly lower functional connectivity with (A) the left middle frontal gyrus (MFG), (B) the right
middle temporal gyrus (MTG), (C) the precuneus (PCUN), and (D) the right middle frontal gyrus (MFG) in older adult participants with
poorer performance (i.e., either larger error or timing scores) on a cognitively demanding visuomotor task. Right panel: scatterplots illustrating
the significant negative correlation found between (A) left MFG to right parietal functional connectivity and performance error scores, (B)
right MTG to thalamus/putamen functional connectivity and performance error scores, (C) PCUN to left MFG functional connectivity and
performance timing scores, and (D) right MFG to left MFG functional connectivity and performance timing scores. R, right; L, left; A,
anterior; P, posterior; SPL, superior parietal lobule; THAL, thalamus; FC, functional connectivity.
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Table 2
Regions of the DMN spatial map showing significantly lower resting-state activation in high AD risk relative low AD risk older adults

Brain region Local maxima (MNI152)

Harvard-Oxford structural label X y z t-value p-value
Left para/anterior cingulate/SFG -18 18 32 4.96 0.008
Right para/anterior cingulate/MFG/SFG 22 10 36 5.08 0.008
Right PCUN/posterior cingulate 30 =50 20 5.48 0.008
Left PCUN/posterior cingulate -18 -46 20 4.66 0.008
Right frontal pole 26 43 17 5.11 0.039
Right THAL 6 22 0 4.33 0.008
Left post/precentral gyri -6 -38 60 4.44 0.010

DMN, default mode network; AD, Alzheimer’s disease; MNI, Montreal Neurological Institute; SFG, superior frontal gyrus; MFG, middle
frontal gyrus; PCUN, precuneus; THAL, thalamus.

Table 3
Significant effects of cognitive-motor error and timing scores on functional connectivity with DMN seed regions

Seed region Functionally connected cluster # of voxels X y z z-value p-value
(Harvard-Oxford structural atlas)

Error score

Left MFG Right PCUN/LOC/SPL 324 14 -58 54 4.01 0.024
Right postcentral gyrus/SPL 16 —44 58 3.82
Right post/precentral gyri 22 -34 52 3.49
Right posterior cingulate/PCUN 12 =32 36 3.44

Right MTG Right thalamus 275 6 -6 -6 3.82 0.048
Right Pallidum/Putamen 14 2 -10 3.26

Timing score

PCUN Left MFG/IFG/frontal pole 556 —42 30 36 3.85 0.0009
Left SFG/frontal pole/MFG 22 34 48 35

Right MFG Left MFG/frontal pole 422 -38 32 36 4.06 0.005
Left MFG/SFG -28 28 52 3.02

LOC, lateral occipital cortex; SPL, superior parietal lobule; MTG, middle temporal gyrus; IFG, inferior frontal gyrus. See Table 2 for other
abbreviation definitions.

tasks that require communication across brain regions functional connectivity associated with A, includ-
processing different domains (in this case, cognition ing decreases between the precuneus and the left
and action) to detect impairment in a clinically feasi- hippocampus, parahippocampus, anterior cingulate,
ble way. gyrus rectus, dorsal cingulate, and superior pre-
These findings are consistent with several stud- cuneus in both AD patients and participants with
ies demonstrating reduced functional connectivity high AB deposition. A follow-up study comparing
in the DMN in preclinical AD [17-21, 46]. For resting-state functional connectivity in A3 negative
example, Hedden and colleagues [17] used A3 imag- participants either with or without an ApoE4 allele
ing in combination with measures of resting-state [21] found that AP negative ApoE4 carriers showed
functional connectivity in the DMN to compare par- similar decreased functional connectivity between
ticipants with and without high amyloid burden. After the precuneus and various DMN brain regions. These
controlling for age, cognitively normal participants results indicate that alterations in functional con-
with high amyloid burden were shown to exhibit nectivity in genetically predisposed participants may
significantly reduced functional connectivity within reflect early manifestation of a genetic effect that
numerous brain regions of the DMN, and diminished actually precedes pathological AR neurotoxicity.
functional correlations between the hippocampus and Notably, the current study documents the impact
posterior cingulate, relative to individuals with low of early alterations in resting-state functional con-
amyloid burden. These results suggest that such dis- nectivity on behavior in preclinical AD, going beyond
ruptions, as observed in the present study, may predict purely neuroimaging work. While the preclinical def-
the presence of AP in AD-affected brain regions inition implies no decline on standardized tests of
before clinical symptoms emerge. cognitive function, novel clinical assessments that
More recently, Sheline et al. [20] and Mormino can detect subtle behavioral alterations (e.g., in the

et al. [18] have also demonstrated differences in kinematics of eye and limb movements) may be
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useful in identifying individuals at increased AD
risk [26], [27, 31, 47]. Our current and previous
[32] findings support a relationship between deficits
in cognitive-motor performance and alterations in
structural and functional connectivity in preclinical
AD. The correlations observed between parietal-
frontal functional connectivity and cognitive-motor
performance are consistent with the important role
of reciprocal cortical networks involving parietal,
temporal, and frontal regions in transforming visual-
spatial and contextual information into the intrinsic
joint and muscle representation required to suc-
cessfully generate a goal-directed action [48-50].
Furthermore, the reduced temporal-subcortical func-
tional connectivity observed in correlation with
poorer cognitive-motor performance is consistent
with the role of temporal-thalamic connections in
arousal and information integration [51], as well as
the role of the basal ganglia in the anticipation and
selection of body movements, cognitive-motor inter-
actions [52, 53], and multisensory integration [54].

In summary, we present novel evidence linking
a clinically simple cognitive-motor integration task
with underlying AD-related alterations in the default
mode network. While the generalizability of this pre-
liminary evidence is limited by the relatively small
female sample and further investigation for compar-
ison with male participants at increased AD risk is
warranted (and underway by our group), this study
lays the groundwork for more hypothesis-driven
investigations into task-specific functional networks
that may be affected in the very early stages of AD.
Based on our findings, we suggest that the use of
kinematic measures reflecting cognitive-motor inte-
gration holds great promise as a tool to distinguish
between healthy versus pathological aging.
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