UCLA
UCLA Previously Published Works

Title

Alterations to task positive and task negative networks during executive functioning in
Mild Cognitive Impairment

Permalink
https://escholarship.org/uc/item/1434r8wt
Authors

Melrose, Rebecca )
Jimenez, Amy M
Riskin-Jones, Hannah

Publication Date
2018

DOI
10.1016/j.nicl.2018.06.014

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1434r8wt
https://escholarship.org/uc/item/1434r8wt#author
https://escholarship.org
http://www.cdlib.org/

NeuroImage: Clinical 19 (2018) 970-981

Contents lists available at ScienceDirect

Neurolmage: Clinical

Neurolmage:

CLINICAL

journal homepage: www.elsevier.com/locate/ynicl _—

Alterations to task positive and task negative networks during executive )

Check for

functioning in Mild Cognitive Impairment i

a,b,: a,b

Rebecca J. Melrose™™", Amy M. Jimenez™", Hannah Riskin-Jones”, Gali Weissberger”,
Joseph Veliz®, Arpi S. Hasratian”, Stacy Wilkins”, David L. Sultzer™"

@ Brain, Behavior & Aging Research Center, VA Greater Los Angeles Healthcare System Building 158, Room 167, 11301 Wilshire Boulevard, Los Angeles, CA 90073, USA
® Dept. of Psychiatry & Biobehavioral Sciences, David Geffen School of Medicine at UCLA, 300 Medical Plaza, Los Angeles, CA 90095, USA

ARTICLE INFO ABSTRACT

Poor executive functioning increases risk of decline in Mild Cognitive Impairment (MCI). Executive functioning
can be conceptualized within the framework of working memory. While some components are responsible for
maintaining representations in working memory, the central executive is involved in the manipulation of in-
formation and creation of new representations. We aimed to examine the neural correlates of these components
of working memory using a maintenance working memory and visuospatial reasoning task. Twenty-five patients
with amnestic MCI and 19 elderly controls (EC) completed functional MRI during reasoning and maintenance
working memory tasks. In MCI, maintenance working memory was associated with hypoactivation of right
frontoparietal regions and hyperactivation of left prefrontal cortex, coupled with attenuation of default mode
network (DMN) relative to EC. During reasoning, MCI showed hypoactivation of parietal regions, coupled with
attenuation of anterior DMN and increased deactivation of posterior DMN relative to EC. Comparing the rea-
soning task to the maintenance working memory task yields the central executive. In MCI, the central executive
showed hypoactivation of right parietal lobe and increased deactivation of posterior DMN compared to EC.
Consistent with prior work on executive functioning, MCI show different neural circuitry during visuospatial
reasoning, including changes to both task positive frontoparietal regions, as well as to deactivation patterns
within the DMN. Both hyperactivation of task positive networks and increased deactivation of DMN may be
compensatory.
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1. Introduction

Mild Cognitive Impairment (MCI) is a diagnosis given to older
adults who show declines in cognition, but retain generally intact
ability to manage instrumental activities of daily living (IADLs) such as
managing finances and medications. Patients with amnestic MCI (MCI)
are at increased risk of conversion to dementia due to Alzheimer's
Disease (AD) (Albert et al., 2011). While severity of memory impair-
ment is associated with disease progression (Gainotti et al., 2014),
declines in executive functioning (EF), such as reasoning and problem-
solving, are also predictive (Dickerson et al., 2007; Tabert et al., 2006).
While there is an extensive literature investigating the neural correlates
of memory dysfunction in MCI, only a few studies have examined
neural activation patterns associated with poor EF in MCL

Neuropsychologists define EF as those abilities that enable an in-
dividual to engage in purposeful, self-serving behavior (Lezak, 1995),
and includes behaviors such as volition, planning, the ability to

translate a plan into productive behavior, and self-monitoring. It re-
presents a broad set of cognitive abilities that appear to share variance,
but can be separated into distinct abilities such as shifting between
tasks, updating information in working memory, and inhibition of
prepotent responses (Miyake et al., 2000). There are many ways to
conceptualize EF. From a cognitive science framework, EF can be
considered in the context of working memory. Working memory is
defined as the ability to temporarily hold on to and manipulate in-
formation. According to Baddeley (Baddeley, 2003; Baddeley and
Hitch, 1974) working memory involves four interrelated processes: the
visuospatial sketchpad, phonological loop, episodic buffer, and central
executive. The visuospatial sketchpad and phonological loop are in-
volved in the temporary representation of visual and auditory stimuli,
respectively. The episodic buffer is a temporary storage mechanism that
integrates information from both the visuospatial sketchpad and pho-
nological loop, as well as long-term memory. The central executive acts
as a central coordinator, and in this respect can 1) focus, divide, and
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switch attention, 2) connect the contents of working memory with long-
term memory, and 3) manipulate information and create new re-
presentations.

Previous work has examined the neural correlates of working
memory and executive processes in MCI. In general, when MCI parti-
cipants performed as well as controls on working memory tasks, MCI
patients showed hyperactivation in task regions (Migo et al., 2015;
Yetkin et al., 2006). When MCI participants performed worse on the
task at hand, fMRI patterns generally revealed hypoactivations
(Alichniewicz et al., 2012; Berger et al., 2014; Lou et al., 2015). A si-
milar pattern of findings has been reported in studies of executive
processes, including tasks of inhibition, complex attention, and ma-
nipulation (Alichniewicz et al., 2012; Clément et al. (2013); Kaufmann
et al., 2008; Rosano et al., 2005; Van Dam et al., 2013). Moreover,
Clément et al. (2013) observed that high performing MCI patients
showed hyperactivation of task regions, while low performing MCI
patients showed hypoactivation. Thus MCI patients appear to show
regional hyperactivation in normal task networks during executive
processing when the task is within cognitive ability. Increased activa-
tion is generally interpreted as a compensatory response, suggesting
that greater neural resources are required to maintain task perfor-
mance.

In the past decade, fMRI research has started to focus on regional
activity within “brain networks.” Most task-based fMRI studies focus on
so called task-positive networks, regions identified when contrasting an
experimental trial against either a control trial or fixation. These net-
works support goal-driven processing. It is also possible to examine task
negative networks, identified by contrasting fixation or control trials to
the primary experimental trials. Studies of task negative networks
center on the default mode network (DMN). The DMN is thought to
support self-relevant mentalizing characterized by introspective, task-
independent thought and attention to internal, emotional states, as well
as, perhaps, broad information gathering and sensory monitoring of the
external environment (Buckner et al., 2008). DMN generally includes
midline regions within posterior cingulate cortex, precuneus, medial
PFC, and regions of parietal and lateral temporal cortex. Baseline ac-
tivity in these regions decreases with engagement in a variety of goal-
directed paradigms to support efficient performance. Suboptimal effi-
ciency of both task positive networks and DMN likely underlies cog-
nitive symptoms in MCI (Wermke et al., 2008).

There is a growing literature about deactivations in MCI. These
studies typically observe attenuation of deactivations in MCI (e.g. Migo
et al., 2015; Rombouts et al., 2005). In contrast, some work has been
supportive of increased deactivation of medial posterior DMN in MCI
during working memory (Kochan et al., 2010). Likewise, it has been
observed that mild MCI patients show increased deactivation, while
those with more severe impairment show an attenuation of deactivation
during memory encoding (Celone et al., 2006). Thus MCI is also asso-
ciated with disruption to task negative networks. While the reasons for
this change is unclear, cognitive interpretations argue attenuation of
deactivation may reflect that MCI patients have a more difficult time
suppressing internal thoughts during cognitively demanding tasks,
while increased deactivation may be compensatory.

Because of the literature suggesting that EF decline is associated
with conversion from MCI to dementia, we sought to compare activity
in brain regions involved in EF in an MCI sample versus elderly con-
trols. More specifically, we aimed to extend current literature by ex-
amining potential alterations to both task positive and task negative
cognitive networks. Recognizing that EF is a broad term, we specifically
examined visuospatial reasoning, and conceptualized EF within the
framework of Baddeley. Participants completed a fMRI task that was
previously used to identify reasoning-related brain activity in young,
healthy adults (Melrose et al., 2007). The task included both hard and
easy maintenance working memory trials, and hard and easy reasoning
trials. Maintenance working memory trials were thought to tap speci-
fically into the visuospatial sketchpad. In young adults this task showed
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activation of frontoparietal regions (Melrose et al., 2007). Reasoning
trials required the detection and application of a rule dictating a change
across visuospatial stimuli, and conceptually relied on both the vi-
suospatial sketchpad and the central executive. The role of the central
executive in reasoning tasks has been hypothesized to include main-
taining solutions within working memory, manipulation of self-gener-
ated information required to solve the reasoning trials, or integration of
information from working memory with current task demands
(Christoff et al., 2001; Kroger et al., 2002; Prabhakaran et al., 1997).
This task likewise recruited frontoparietal regions in young adults.
Reasoning-related activity was compared to working memory-related
activity, allowing for elucidation of the neural correlates of the “central
executive” (Baddeley, 2003), which in young adults included portions
of prefrontal cortex (particularly anterior PFC and right ventral lateral
PFC) and bilateral inferior parietal lobe. We administered this task to a
group of MCI and healthy elderly controls (EC). Our aim was to identify
the neural underpinnings of executive dysfunction as defined here in
MCI. We hypothesized that MCI would show hyperactivation of task
positive frontoparietal networks. Given that most fMRI studies have
reported attenuation of deactivations in the DMN, we hypothesized that
we would replicate this finding.

2. Methods
2.1. Clinical evaluation

2.1.1. Subjects

Participants were recruited from VA Greater Los Angeles Healthcare
System (VA) clinics that regularly assess and treat older adults with
cognitive disorders. Additional MCI and EC patients were recruited
from VA Primary Care clinics and the community. Participants were
excluded if they reported history of major psychiatric illness other than
depression/anxiety, history of substance abuse within the past 5 years,
history of severe traumatic brain injury, history of stroke, history of
other medical/neurologic illness that could account for cognitive defi-
cits, showed cortical or subcortical infarcts on MRI, or had any con-
traindications to MRI safety. Sixty-two participants completed fMRI
scanning. Of these, ten were excluded for evidence of cortical infarct or
subcortical infarct(s). Two MCI and five EC participants were excluded
from further analysis because there were no behavioral responses re-
corded during fMRI scanning. One additional EC participant was ex-
cluded due to registration errors during image processing. The final
data set included twenty-five patients with amnestic MCI and 19 cog-
nitively healthy elderly controls (EC).

This study was approved by the VA Institutional Review Board and
Research & Development Committee and the UCLA IRB.

2.1.2. Evaluation procedures and diagnosis

All patients provided written informed consent per VA and UCLA
protocol. Patients completed a clinical interview and medical records
were reviewed to confirm exclusion criteria as outlined above. Patients
completed neuropsychological testing (see Table 1 for list of tests and
mean scores per group). Diagnosis was made by two neuropsycholo-
gists, in accordance with Winblad & Petersen criteria (Winblad et al.,
2004). Patients with MCI showed impairment (~1.5 standard devia-
tions or more) on at least one memory test. Non-memory domains were
additionally rated to yield amnestic vs multidomain amnestic diag-
noses. Eight patients met criteria for aMCI and 17 for multidomain
amnestic MCI. ECs did not show any domains of cognitive impairment.

2.2. MRI

2.2.1. MRI procedure

Participants returned for MRI scanning within 3 months of their
initial appointment (3 patients had extended periods: one EC was
scanned 7.5 months after baseline; one MCI was scanned 4.5 months
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Table 1
Demographic and clinical data.
Control (n = 19) MCI (n = 25) p-value
Mean (S.D.) Mean (S.D.)
Demographic information
Age (yrs.) 71.84 (6.6) 75.52 (7.5) t=1.7,p=0.09
Education (yrs.) 16 (2.1) 15.76 (2.4) t=.35p > 0.5
Gender M=15F=4 M=20,F=5 X2 =0.007,p > 0.5
Neuropsychological profile
Estimated Verbal IQ
WTAR estimated VIQ 110.9 (8.2) 105.8 (9.6) t=1.9, p=0.07
Global cognition
MMSE® 29.1 (0.58) 27.3 (2.2) t= 3.4, p=0.002
Intellectual functioning
WAIS- 1V Information SS 12.7 (2.9) 11 3.1) t=1.9, p=0.07
Attention/executive functioning
Trails A (sec)” 40.3 (14.4) 49.7 (17.3) t=1.9,p=0.07
Trails B (sec)” 86.4 (33.6) 135.9 (72.0) U =93, p =0.006
Golden Stroop Color-Word T score 47 (9.1) 38.8 (9.6) t= 2.9, p=0.006
Memory
CVLT learning (trials1-5) T score 56.9 (9.1) 47.7 (11.9) t=28,p=0.008
CVLT Delayed Recall z-score 0.5 (0.9) —-0.9(1.3) t=42,p < 0.001
WMS-R Logical Memory I SS 10 (1.7) 7.1 (2.7) t=4.1,p < 0.001
WMS-R Logical Memory II SS 9.7 (1.6) 7.0 (2.9) t=3.7,p < 0.001
REY-O Immediate Recall T score’ 59.7 (10.4) 40.7 (12) t=5.3,p < 0.001
BVMT-R Total Recall T score® 45.1 (9.2) 31.2 (10.3) t=4.6,p < 0.001
BVMT-R Delayed Recall T score® 50.6 (10) 32.6 (10.3) t=57,p < 0.001
Language
Boston Naming Test SS 13.4 (2.7) 10.2 (3.7) t= 3.1, p = 0.003
FAS z-score” 0.07 (0.9) —0.1 (1.02) t=0.56, p = 0.58
Animals z-score .53 (.88) -0.27 (1.1) t=27,p=0.01
WAIS-IV Similarities SS* 12.9 (2.6) 11.8 (2.2) t=17,p=0.10
Visuospatial
WAIS-IV Block Design SS 10.6 (1.7) 9.6 (1.9) t=2.0,p=0.06
WAIS-IV Matrix Reasoning SS* 11.5 (3.0) 11.5 (4.0) t=0.06,p > 0.5
Processing speed
WAIS-IV Coding SS 10.5 (2.4) 8.9 (2.2) t=2.3,p=0.03
Psychological functioning
Global Depression Scale Raw® 3.9 (2.7) 7.5 (6.2) U =131.0, p = 0.02

WTAR = Wechsler Test of Adult Reading, MMSE = Mini-Mental Status Exam, WAIS-IV = Wechsler Adult Intelligence Scale-IV, CVLT = California Verbal Learning
Test-II, WMS-R = Wechsler Memory Scale-Revised, Rey-O = Rey—Osterrieth complex figure, BVMT-R = Brief Visuospatial Memory Test-Revised; SS = Scaled

Score.
@ Data from one MCI participant was not available.
b Data from 5 MCI participants was not available.
¢ Data from one EC participant was not available.
4 Data from two EC participants was not available.

later and one MCI was scanned 11 months after baseline). Scanning was
performed at the VA on a 3T Siemens Skyra scanner (Erlangen,
Germany) with a 20 channel head/neck coil. MRI stimuli were pre-
sented via MRI compatible goggles (MRI Resonance Technology).
Participants wore headphones and held a Resonance Technology re-
sponse button box in their right hand. Each session began with a T1-
weighted magnetization prepared rapid-acquisition gradient echo
(MPRAGE)  structural sequence (256 x 256, TR = 1900 ms,
TE = 2.5ms, flip angle = 9°, thickness = 1.0mm, 1 X 1 x 1 mm®). A
T2*-weighted blood oxygen level-dependent (BOLD) gradient echo
planar imaging (EPI) sequence was obtained for each activation task
run (64 x 64, TR = 2000ms, TE = 30ms, flip angle = 80°, slice
thickness = 5 mm, 28 slices, 3 x 3 x 5mm?, volumes = 114).

2.2.2. fMRI task

Participants completed two fMRI tasks, the Match task and
Reasoning task (Fig. 1).

Both tasks consisted of experimental and control (c) conditions, and
followed a slow event related design. All stimuli consisted of geome-
trical patterns. The Match task assessed maintenance working memory.
It consisted of both hard Match (M) experimental and easy Match
control (Mc) trials. In M trials, subjects were shown three different
pictures along the top of the screen for 6, and instructed to remember

them. Immediately following this, the top row disappeared, and sub-
jects saw two pictures on the bottom of the screen. Subjects were asked
to find the MATCH to one of the pictures they just studied. This phase
lasted for 4s. The format of Mc was the same, but during the pre-
sentation phase the same picture was displayed in all three locations.
The Reasoning task consisted of two conditions, hard Reasoning (R)
experimental and easy Reasoning control (Rc) trials. For both condi-
tions, subjects were first shown 3 boxes in a row for 6 s, and instructed
to determine what the NEXT picture in the sequence would be.
Immediately following this, the top row disappeared, and subjects saw
two pictures on the bottom of the screen. Subjects were instructed to
press a button to indicate which answer best completed the sequence.
This phase lasted for 4 s. In the R condition, the stimuli in the top boxes
changed (as described below). In the Rc condition all three top boxes
contained the same image. Although both conditions involve deducing
and applying a rule, only the R condition involved deducing a rule that
dictated a change. The two answers consisted of the correct answer (the
next pattern in the sequence) and a foil.

Participants completed a total of 8 runs. Trials from each of the 4
task conditions (M, Mc, R, and Rc) were randomized throughout each
run. Each run had 4 trials per condition, for a total of 16 trials. Fixation
crosses were randomly jittered throughout the run, with durations
spanning from 2 to 20s. Each run lasted for 228s.
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Fig. 1. fMRI Task. In the M and Mc conditions, the subject sees three pictures
along the top of the screen and is instructed to remember these pictures. After
six seconds, this row disappears and two answers immediately appear at the
bottom. The subject is instructed to find the MATCH to the previously studied
pictures. In the R and Rc conditions, the subject is instructed to predict the
NEXT picture in the sequence. After six seconds, the top row disappears and two
possible answer choices appear. The subject is instructed to press the button
corresponding to the correct answer.

2.3. Image processing

2.3.1. Structural image processing

Cortical and sub-cortical reconstruction and segmentation was
performed on the structural MPRAGE images using the FreeSurfer
image analysis suite (http://surfer.nmr.mgh.harvard.edu/; version
number: Darwin-lion-dev-20150701). Segmentation was reviewed and
manual adjustments to grey-white boundaries were made if needed.
The hippocampal region-of-interest (ROI) was created by adding to-
gether volumes across hemispheres and dividing by intracranial cavity
volume. We created three bilateral cortical ROIs known to be vulner-
able to the progression of MCI (Carmichael et al., 2013). These included
the total volume of the “default mode network” (DMN ROI), which
consists of medial posterior regions, inferior parietal, and lateral tem-
poral regions; a medial temporal lobe (MTL ROI), including medial
temporal cortical regions); and a Frontal ROI, including prefrontal
cortex.

2.3.2. Functional image processing

Functional BOLD images were analyzed using the FMRIB Software
Library (FSL v 5.0.4; Analysis Group, Oxford, UK) (Woolrich et al.,
2009). Data were spatially smoothed using an 8 mm full-width at half-
maximum Gaussian kernel and temporally filtered using a 100 s cut-off
highpass filter. Slice timing correction was applied (interleaved). Skull
stripping of both MPRAGE and BOLD images was completed using
Brain Extraction Tool (BET; (Smith, 2002). Movement parameters,
calculated using MCFLIRT (Jenkinson and Smith, 2001), were modeled
as nuisance covariates. Translational movement parameters of each run
did not exceed 3 mm. Using FLIRT (FMRIB's Linear Image Registration
Tool v6.0) (Jenkinson and Smith, 2001), BOLD images were registered
to the T1-weighted MPRAGE via affine transformation (6 degrees of
freedom), then to Montreal Neurological Institute (MNI) standard space
(affine transformation, 12 degrees of freedom). Data were visually in-
spected to ensure accurate registration.

NeuroImage: Clinical 19 (2018) 970-981

2.4. Analysis

2.4.1. Demographic and neuropsychological data analysis

Neuropsychological and volumetric data were compared between
groups using two sample t-test or Mann-Whitney U when appropriate
(Table 1). Analyses were conducted with SPSS version 24.

Composite cognitive scores were created for the memory and ex-
ecutive domains. First, raw scores were converted to z-scores via pub-
lished norms. These were then averaged together. Immediate memory
composite included Logical Memory I (Ivnik et al., 1992), California
Verbal Learning Test (CVLT) Trials 1-5 (Delis et al., 2000), and Brief
Visuospatial Memory Test-R (BVMT-R) learning trials (Benedict, 1997).
Delayed memory composite included Logical Memory II (Ivnik et al.,
1992), Rey-Osterreith Complex Figure (ROCF) Recall (3 min; Meyers
and Meyers, 1995), CVLT Long delay free recall (Delis et al., 2000), and
BVMT-R delayed recall (Benedict, 1997). Average recognition dis-
criminability (d’) was calculated from the CVLT (Delis et al., 2000),
ROCF (Meyers and Meyers, 1995), and BVMT-R (Benedict, 1997) re-
cognition conditions. Executive functioning component included letter
fluency (FAS (Tombaugh et al., 1999), Trails B (Tombaugh, 2004), and
Stroop Interference (Golden and Freshwater, 2002).

2.4.2. fMRI behavioral performance

Behavioral performance on the task was assessed via mixed ANOVA,
with condition (R, Rc, M, Mc) as the within subjects factor, and diag-
nosis as the between subjects factor. Separate models were run for ac-
curacy (percent correct) and reaction time (mean RT across all trials
within a condition).

2.4.3. Image analysis

Analysis of functional imaging data was performed using a multi-
stage general linear model approach with FEAT (fMRI Expert Analysis
Tool v6.0) and a timing model based on a double-gamma hemodynamic
response function. In the individual first-level analyses, each functional
run was modeled separately. Only trials in which the participant re-
sponded correctly were included; incorrect trials were modeled as
covariates of no interest. Fixation points were implicitly modeled.
Contrasts of interest included M > Mc (Maintenance Working
Memory), R > Rc (Reasoning), and R > M (Central Executive). Task-
associated deactivations were also assessed (Mc > M, Rc > R,
M > R). Individual runs were inspected after modeling. Any runs
showing greater than 3mm translational movement were removed
from further analysis. In addition any runs in which a respondent
showed no valid correct responses for a given trial (and thus showed no
contrast map) were also excluded. The number of runs entering into
higher level analysis was as follows: EC, average 7.1 runs, range 5-8;
MCI average 7.1 runs, range 4-8. All runs for one individual were then
averaged using fixed effects higher level modeling.

Within- and between-group effects for contrasts of interest were
compared using mixed effects analysis via FLAME (FMRIB's Local
Analysis of Mixed Effects stage 1 module (Beckmann et al., 2003). In
order to tease apart task positive and negative findings, between group
contrasts were masked with the appropriate within group map at a
liberal threshold (p < .05 uncorrected). For example, to assess be-
tween group differences in task positive activity in Maintenance
Working Memory (M > Mc), the EC > MCI between group map was
masked with the EC M > Mc within group findings. The MCI > EC
contrast was masked with the MCI M > Mec within group findings. To
assess task negative findings, the EC > MCI comparison was masked
with the EC Mc > M group map, and the MCI > EC comparison was
masked with the MCI Mc > M within group findings.

Within group results were considered significant across the entire
brain at p < .001, cluster size of 57 voxels, equivalent to a corrected
threshold of p < .05 using Monte Carlo simulation with 10,000 si-
mulations (Slotnick et al., 2003). Between-group differences were as-
sessed at p < .01 with a cluster size of 85 voxels, which was significant
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at a corrected threshold of p < .05 across the entire brain using Monte
Carlo simulation (10,000 simulations; (Slotnick et al., 2003). As the
original data acquisition did not cover the entire cerebellum, only
cortical and subcortical findings are reported.

In order to visualize the data and assess associations with clinical
metrics, mean beta weights of voxels in regions that were significantly
different between groups were extracted via the fslmeants utility and
imported into SPSS. These values were correlated with task perfor-
mance, neuropsychological composite scores, and structural volume to
assess associations between BOLD activity, clinical outcomes, and vo-
lumetric data.

In order to understand what was driving any between group dif-
ferences, fslmeants was also used to extract beta weights of each con-
dition versus fixation (R > fixation, Rc > fixation, M > fixation,
Mc > fixation). Mixed ANOVA was used to identify the condition(s)
driving any significant between group differences. Greenhouse-Geisser
corrected results are reported.

3. Results
3.1. Participant information

Demographic and neuropsychological functioning is presented in
Table 1. Participants were largely male (EC male = 15, female = 4;
MCI male = 20, female = 5).In the EC group, 1 identified as Hispanic, 5
as African American, and 13 as Caucasian.In the MCI group, 2 identified
as Hispanic, 5 as African American, 1 as Asian, and 17 as Caucasian.Ten
MCI patients were taking dementia medications (7 on donepezil, 1 on
memantine, 2 on donepezil/galantamine and memantine). As expected,
MCI participants performed worse on memory tests.

Between group t-tests showed that MCI had lower brain volume in
the MTL ROI (t(41) =2.20, p < .033; EC=.017, s.d. 002
MCI = .015, s.d. .002) and hippocampus (t(41) = 2.97, p < .005,
EC = .0058, s.d. .0007; MCI = .0052, s.d. .0007). MCI showed a trend
towards lower volume of DMN ROI (t(41) = 1.76, p = .086, EC = .105,
s.d. = .013; MCI = .100, s.d. = .009). There were no differences in the
Frontal ROI (p < .4).

3.2. Behavioral performance

See Fig. 2 for behavioral results. Regarding accuracy, results of the
mixed ANOVA showed a main effect of condition (F
(2.23,93.68) = 10.01, p < .001) and an interaction between condition
and diagnosis (F(2.23,93.68) = 6.47, p = .002), but no overall effect of
diagnosis (F(1,42) = 1.72, n.s.). Performance was highest on Mc, fol-
lowed by Rec, M, and R. Performance on Mc was significantly better than
all other conditions and Rc performance was better than R. The con-
dition by diagnosis interaction was driven by lower performance in MCI
on R (t(42) = 3.02, p = .004). Regarding reaction time, there was an
effect of condition (F(2.55, 104.61 = 60.91, p < .001). Reaction time
from fastest to slowest was as follows: Mc, Rc, R, M. All conditions were
significantly different from one another. Although there was no effect of
diagnosis or an interaction between condition and diagnosis, there was
a trend towards slower reaction time on R in the MCI group (t
(41) = 1.75, p = .09). In sum, MCI showed worse performance on R
relative to EC. MCI performance was similar to EC for all other condi-
tions. Across all participants, performance on R and M was lower and
reaction time slower than their respective control conditions.

3.3. fMRI results

3.3.1. Maintenance working memory (MvMc)
3.3.1.1. Task positive

For the M > Mc within group contrasts, both groups showed acti-
vation of frontal-parietal and temporal regions (Fig. 3A, Supplementary
Table 1).
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Fig. 2. Behavioral performance. Percent correct (top) and mean reaction time
(bottom) are presented for each group. Error bars reflect the standard error of
the mean. *p < .05 (only between group differences are noted. See Results
section for differences amongst the conditions). Range of scores was as follows
for EC: R: 72-100%, Rc: 72-100%, M: 44-97%, Mc: 75-100%. Range of scores
was as follows for MCI: R: 25-97%, Rc: 63-100%, M: 50-100%, Mc: 72-100%.

Relative to EC, MCI showed hypoactivation of right MFG, bilateral
SPL/intraparietal sulci (IPS), and right occipital pole (Fig. 3B, Table 2).
We investigated this finding by extracting mean activity in the M >
fixation and Mc > fixation contrasts. Mixed effects ANOVA showed
hypoactivation in MCI was driven by an effect of condition (F
(1,42) = 114.42, p < .001), diagnosis (F(1,42) = 15.67, p < .001)
and condition by diagnosis interaction (F(1,42) = 18.46, p < .001).
Both groups showed greater activity in M compared to Mc; MCI showed
reduced activity in both conditions relative to EC (Fig. 3B, bar graph).

Relative to EC, MCI showed hyperactivation of left MFG and medial
PFC (Fig. 3B, Table 2). This was driven by an effect of condition (F
(1,42) = 4.43, p < .041 and a condition by diagnosis interaction (F
(1,42) = 20.12, p < .001) but no overall effect of diagnosis. (n.s.). MCI
showed greater activity in M relative to Mc; EC did not. MCI showed
greater activity in M relative to EC, while there were no differences
between groups in the Mc condition. In order to better understand the
effects behind the left MFG activity specifically, mean activity from
only this region was extracted. Results from this region only are shown
in the bar graph in Fig. 3B. The MFG finding was driven by an effect of
condition (F(1,42) = 26.592, p < .001 and a condition by diagnosis
interaction (F(1,42) = 10.259, p = .003). There was no overall effect of
diagnosis (n.s.). Both groups showed more activity in M relative to Mc.
MCI showed greater activity in M than EC; there were no differences in
Mc activation.

3.3.1.2. Task negative

EC showed deactivation of medial PFC and right posterior regions.
MCI showed no significant areas of deactivation for the Mc > M con-
trast (Fig. 3A, Supplementary Table 1).

Relative to EC, MCI showed attenuation of deactivation in medial
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Fig. 3. A & B Maintenance Working Memory (Match Task): Neuroimaging findings significant at p < .05 corrected using Monte Carlo simulation (see Methods).
Within group results of task positive and task negative networks reported in 3A. Between group findings reported in 3B. Bar graphs show the data underlying the
between group differences. For the MCI > EC bar graph, results from the left MFG cluster only are shown. *p < .05.

Table 2

Maintenance Working Memory (Match task), between group results for the task
positive (M > Mc) and task negative (Mc > M) contrasts. SPL = superior
parietal lobule; STG = superior temporal gyrus; MTG = middle temporal gyrus;
ITG = inferior temporal gyrus; SFG = superior frontal gyrus; MFG = middle
frontal gyrus; IFG = inferior frontal gyrus; mPFC = medial prefrontal cortex;
Max = maximum z-statistic within the cluster; x,y,z = voxel coordinates of
maximum intensity within the cluster; R = right, L = left; BA = approximate
Brodmann's Areas.

Cluster size Max x y z  Region Side BA
Task positive
EC > MCI 126 2.83 31 18 48 occipital lobe R 18,19
473 3,59 32 35 49 SPL R 7
907 3.32 60 44 51 SPL/IPS L 7,40
87 29 29 62 58 MFG/precentral R 6
gyrus
197 3.34 23 81 50 MFG R 9/46
MCI > EC 244 3.81 44 74 31 mPFC R/L 25
113 3.02 64 75 63 MFG L 9/46
Task negative
EC > MCI 952 3.81 44 74 31 mPFC R/L 11

PFC (Fig. 3B, Table 2). Examination of the extracted data showed this
was driven by an effect of condition (F(1,42) = 11.597, p = .001) and
an interaction between condition and diagnosis (F(1.42) = 15.229,
p < .001). There was no overall effect of diagnosis on activity (n.s.).
EC showed greater deactivation during M than Mc; there were no dif-
ferences between conditions within the MCI group. MCI showed less
deactivation during M compared to EC; there were no between group
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differences in Mc deactivation.
There were no regions in which MCI showed greater deactivation
than EC.

3.3.2. Reasoning (RvRc)
3.3.2.1. Task positive

Both groups showed activity of bilateral frontal, parietal, and tem-
poral cortex (Fig. 4A, Supplementary Table 2).

Relative to EC, MCI showed hypoactivation of posterior regions in
bilateral occipital cortex, bilateral SPL/precuneous, and right supra-
marginal gyrus (Fig. 4B, Table 3). This was driven by an effect of
condition (F(1,42) = 18.45, p < .001, diagnosis (F(1,42) = 19.55,
p < .001), and a condition by diagnosis interaction (F(1,42) = 11.26,
p = .002). EC showed greater activity in R compared to Rc, whereas
MCI did not. MCI showed lower activation in both the R and Rc con-
ditions compared to EC.

There were no regions where MCI showed hyperactivation.

3.3.2.2. Task negative

For the Rc > R contrast, EC showed deactivation of inferior medial
PFC. MCI showed deactivation of medial PFC and posterior regions
(Fig. 4A, Supplementary Table 2).

Relative to EC, MCI showed attenuation of deactivation in inferior
medial PFC (Fig. 4B, Table 3). This was driven by an effect of condition
(F(1,42) = 20.910, p < .001) and a condition by diagnosis interaction
(F(1,42) = 20.614, p < .001) but no overall effect of diagnosis. EC
showed more deactivation in R relative to Rc, while MCI showed no
difference between conditions. EC had greater deactivation in R relative
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Fig. 4. A & B Reasoning: Neuroimaging findings significant at p < .05 corrected using Monte Carlo simulation (see Methods). Within group results of task positive
and task negative networks reported in 3A. Between group findings reported in 3B. Bar graphs show the data underlying the between group differences. *p < .05.

Table 3

Reasoning Task, between group results for the task positive (R > Rc) and task
negative (Rc > R) contrasts. SPL = superior parietal lobule; STG = superior
temporal gyrus; MTG = middle temporal gyrus; ITG = inferior temporal gyurs;
SFG = superior frontal gyrus; MFG = middle frontal gyrus; IFG = inferior
frontal gyrus; Max = maximum z-statistic within the cluster; x,y,z = voxel co-
ordinates of maximum intensity within the cluster; R = right, L = left;
BA = approximate Brodmann's Areas.

Cluster size Max x 'y z  Region Side BA
Task positive
EC > MCI 239 3.28 54 14 42 Occipital pole L 18
1034 3.58 34 22 43 Occipital cortex R 18/19
155 3.73 60 23 35 Occipital cortex L 18/19
203 3.06 41 27 28 Lingual gyrus/ R 18
cerebellum
141 3.14 25 27 36 Occipital cortex R 19
167 2.89 52 33 63 SPL/precuneous L 7
397 3.2 40 38 72 SPL/postcentral R 7,5
gyrus/precuneous
159 2.84 26 43 62 Postcentral gyrus R 1-3,5
105 3.14 17 51 57 Supramarginal R 40
gyrus
Task negative
EC > MCI 1270 3.47 41 72 28 Inferior medial R/L 11
PFC
MCI > EC 102 2.82 44 22 51 Medial occipital R/L 18

to MCI; there were no between group differences in Rc deactivation.
MCI showed more deactivation of medial occipital cortex relative to

EC (Fig. 4B, Table 3). This was driven by an interaction between con-

dition and diagnosis (F(1,42) = 7.623, p = .009) but no overall effect

of condition or diagnosis. MCI showed deactivation in R relative to R,
while EC showed a trend towards the opposite pattern (p = .09). There
were no differences between groups regarding mean deactivation in R
or Re.

3.3.3. Central executive (RvM)
3.3.3.1. Task positive

Both groups showed showed activation of right sided frontal, par-
ietal, and occipital cortex (Fig. 5A, Supplementary Table 3).

Relative to EC, MCI showed hypoactivation of right supramarginal
gyrus/SPL (Fig. 5B, Table 4). Results showed an effect of condition (F
(1.42) = 32.895, p < .001) and an interaction between diagnosis and
condition (F(1,42) = 10.685, p = .002). There was an effect of diag-
nosis (F(1,42) = 5.334, p = .026). EC showed greater activity in R re-
lative to M; there was a trend towards greater activity in R relative to M
in MCI (p = .066). EC showed greater activity than MCI in R, but there
was no between group difference in M.

There were no areas of hyperactivation in MCL

3.3.3.2. Task negative

Both groups showed deactivation of frontal, temporal, and occipital
regions (Fig. 5A, Supplementary Table 3).

Relative to EC, MCI showed attenuation of right fusiform deacti-
vation (Fig. 5B, Table 4). There was a marginal effect of condition (F)
1,42 = 3.981, p = .053 and an interaction between condition and di-
agnosis (F(1.42) = 8.648, p = .005). There was an overall effect of
diagnosis (F(1,42) = 5.584, p = .023). EC showed lower activity in R
relative to M; there were no differences between conditions in MCI.
There were no differences between groups in R; MCI showed more
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Fig. 5. A & B Central Executive: Neuroimaging findings significant at p < .05 corrected using Monte Carlo simulation (see Methods). Within group results of task
positive and task negative networks reported in 5A. Between group findings reported in 5B. Bar graphs show the data underlying the between group differences.

*p < .05.

Table 4

Central Executive Task, between group results for the task positive (R > M)
and task negative (M > R) contrasts. SPL = superior parietal lobule;
STG = superior temporal gyrus; MTG = middle temporal gyrus; ITG = inferior
temporal gyurs; SFG = superior frontal gyrus; MFG = middle frontal gyrus;
IFG = inferior frontal gyrus; Max = maximum z-statistic within the cluster;
x,y,z = voxel coordinates of maximum intensity within the cluster; R = right,
L = left; BA = approximate Brodmann's Areas.

Cluster size Max x 'y z  Region Side BA
Task positive
EC > MCI 612 3.2 19 44 62 Supramarginal R 40,7
gyrus, SPL
Task negative
EC > MCI 87 271 28 57 20 Fusiform gyrus R 20
MCI > EC 150 273 46 20 54 Occipital lobe R/L 18,19
137 2.77 21 50 35 Superior temporal R 21,22
sulcus, posterior
106 3.04 10 56 31 Superior temporal R 21,22
sulcus, anterior
86 2.81 77 56 35 Superior temporal L 21, 22
sulcus
190 3.09 51 76 42 Corpus callosum

deactivation in M relative to R. Examination of the BOLD data shows
that EC patients showed positive activity in M. Thus, this difference
appeared driven by a lack of recruitment of the region during M in MCI,
and not a true deactivation during R.
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MCI showed more deactivation of medial posterior occipital lobe,
right superior temporal sulcus, and left superior temporal sulcus re-
lative to EC (Fig. 5B, Table 4). This was driven by an effect of condition
(F(1,42) = 6.335, p = .016) and an interaction between condition and
diagnosis (F(1.42) = 8.945, p = .005). There was no overall effect of
diagnosis (n.s). MCI showed more deactivation in R relative to M; EC
showed no differences between conditions. The extent of deactivation
during R in MCI was greater than that evident in ECs; there were no
differences between groups in the M condition.

3.4. Associations between fMRI and clinical data

Correlations were run between the left MFG region showing hy-
peractivation in Maintenance Working Memory (M > Mc) and clinical
outcomes. In MCI, there were no significant correlations between left
MEFG activity and accuracy or reaction time on the task. Increased ac-
tivity in this region was associated with Immediate Memory (r = .406,
p = .044) in the MCI group. We assessed correlations between clinical
outcomes and activity in regions showing increased deactivations in
MCI in both the Reasoning (Rc > R) and Central Executive (M > R)
contrasts. There were no significant associations in the Reasoning
contrast (Rc > R). In the MCI group, activity in the regions that
showed increased deactivation in the Central Executive (M > R) were
associated with Immediate Memory (r =.399, p = .048), Delayed
Memory (r = .415, p =.039), and hippocampal volume (r = .487,
p =.016). In sum, increased activity (either higher task positive
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activity or increased task negative activity) was associated with better
cognition in MCIL.

3.5. Analyses covarying for age

We repeated the analyses, controlling for age. For the Reasoning
task the general pattern of findings was largely unchanged, with two
exceptions. For the task positive analyses (R > Rc), MCI now showed
hyperactivation of left MFG, an area similar to the region showing
hyperactivation in the MATCH task (MCI > EC) in the original ana-
lyses. For task negative analyses (Rc > R), MCI showed additional
regions of increased deactivation, now including bilateral pre/post-
central gyrus, right STG/MTG, and left lingual gyrus (MCI > EC).
Findings were largely unchanged for the Maintenance Working Memory
(M > Mc and Mc > M) analyses. For the Central Executive task po-
sitive analysis (R > M), regions of hypoactivation in MCI expanded to
include right IFG/precentral gyrus (EC > MCI).

3.6. Post-hoc analyses

To determine if medications were driving associations, the MCI
group was divided into those on (n = 10) and off (n = 15) dementia
medications. MMSE was lower in the on-medication group (off = 28.2,
on = 26.00, t(23) = 2.78, p = .011). Independent samples t-test was
used to compare the mean fMRI signal from regions that were sig-
nificantly different in the EC vs. MCI contrasts. This signal was com-
pared between on and off medication MCI groups. There were no dif-
ferences between on and off medication MCI groups in the average
activity in any of the contrasts of interest. There was a trend towards
higher activity in the on med group in the regions showing hypoactivity
in the Central Executive task positive (R > M) contrast (off = 1.17,
on = 8.61, t(23) = 1.83, p = .072).

4. Discussion

We aimed to understand the neural correlates of executive dys-
function in MCI. Executive functioning represents a broad range of
cognitive abilities necessary for higher-order thought, and in the pre-
sent study was operationalized via the framework of Baddeley's
working memory model (Baddeley, 2003). During Maintenance
Working Memory, MCI showed hypoactivation of right frontal and bi-
lateral parietal regions, coupled with hyperactivation of left PFC com-
pared to EC. MCI also showed attenuation of DMN (i.e. less activation)
in medial PFC. During Reasoning, we observed hypoactivation of task
positive parietal regions in MCI. In addition, MCI showed attenuation of
DMN in medial PFC, but greater deactivation of medial occipital re-
gions. Finally, we examined Reasoning while controlling for Main-
tenance Working Memory to isolate the Central Executive. In this
analysis MCI again showed hypoactivation of parietal regions, coupled
with increased deactivation of widespread regions within DMN. Overall
these findings suggest that parietal aspects of task positive networks,
and medial PFC regions of DMN are disrupted in MCI. MCI employ both
hyperactivation of PFC, and increased deactivation of posterior DMN,
possibly to compensate for AD pathology. These studies highlight the
complex changes to both task positive and negative networks under-
lying executive functioning in MCI.

4.1. Central executive in MCI

The primary aim of this study was to characterize neural correlates
underlying executive dysfunction in MCI, specifically in the context of
visuospatial reasoning. We evaluated activity in the R > M contrast to
isolate the executive processes of reasoning, over and above main-
tenance working memory demands (Baddeley, 2003). In both groups,
we observed that the Central Executive is associated with right sided
regions, including the IPL and inferior frontal gyrus. In MCI, we
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observed attenuation of right supramarginal gyrus/SPL activity, sur-
rounding the IPS. The IPS has been implicated in the manipulation of
information within working memory (Bray et al., 2015) and parietal
regions more generally appear involved in visuospatial working
memory (Logie, 1989). The IPS has also been implicated in attentional
processing, particularly the direction of goal-directed activity (Corbetta
and Shulman, 2002; Petersen and Posner, 2012). Thus, deficient ex-
ecutive processing may in part be due to declines in visuospatial at-
tention. While we do not have confirmation of AD pathology in our
sample, it is noted that AD pathology is associated with cholinergic
dysfunction (Potter, 2015), and the cholinergic system is associated
with the successful functioning of the orienting attention network
(Davidson and Marrocco, 2000). We also observed changes to the
functioning of the DMN that included both increases and decreases to
the extent of deactivation. Prior fMRI studies of EF have investigated
inhibition, complex attention, and manipulation, pointing to dysfunc-
tion of frontoparietal regions during task processing (Alichniewicz
et al., 2012; Clément et al., 2013; Kaufmann et al., 2008; Rosano et al.,
2005). Here we demonstrate a similar underlying neurobiology during
reasoning, and also highlight the extensive alterations to the DMN that
underlie aspects of executive dysfunction in MCI.

4.2. Hyperactivation in MCI

In addition to exploring the central executive, we examined the
neural correlates of working memory and reasoning more generally. In
all tasks we observed hyperactivation: increased activation of task po-
sitive networks, or increased deactivation of DMN. Increased activity in
aging or disease has been explained by two predominant theories.
Dedifferentiation refers to the concept that brain regions stop showing
selectivity to stimuli, consequently increasing the amount of brain
tissue dedicated to a specific task (Li and Lindenberger, 1999). In
contrast, compensation refers to the idea that either new neural net-
works or increased functioning of task networks are recruited to sup-
port cognitive processing when the normal circuits are insufficient
(Cabeza and Dennis, 2013). Compensation may be supported when task
difficulty is equivalent across groups, BOLD signal increases are ob-
served with higher task demands, and BOLD activity positively corre-
lates with task performance (Cabeza and Dennis, 2013).

During Maintenance Working Memory (M > Mc), MCI showed
hyperactivation of left PFC. We observed equivalent task performance
between the MCI and EC groups during M and Mc trials. Exploration of
the fMRI data showed the group difference in this region was driven by
a condition by diagnosis interaction, such that MCI had increased ac-
tivity during M trials specifically, suggesting activity was driven by
higher task demands. However, we did not observe an association be-
tween behavioral performance and hyperactivation of left PFC. Thus,
although the findings could reflect a compensatory mechanism, it could
also be argued that the findings reflect some more general, maladaptive
response that is not directly linked to behavior. However, in MCI, those
with better memory performance on neuropsychological testing also
showed increased hyperactivation. This suggests that the observed
hyperactivity is associated with better cognition. While this may not
directly satisfy a compensatory interpretation, it is consistent with the
hypothesis that the frontal lobe acts as a buffer to promote task pro-
cessing in the face of aging and disease (Goh and Park, 2009).

We also observed increased deactivation of various regions of the
DMN in both the Reasoning (Rc v R) and Central Executive (MvR)
contrasts. In other words, regardless of the control comparison used,
MCI showed regions (particularly in posterior brain) of increased de-
activation relative to EC during R trials. It is less clear if this activity can
be considered compensatory. Compared to EC, patients did worse
during R trials, which makes interpretation complicated. In the
Reasoning contrast (Rc > R), MCI were more likely to deactivate in R,
while there was a trend towards the opposite pattern in EC. Thus it is
not clear that task demands, per se, drove the between group
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differences. There were also no associations between this activity and
behavioral performance in the MCI group. Regarding the Central
Executive (M > R) deactivation, again MCI showed worse behavioral
performance on R trials relative to the EC group. Unlike the Rc > R
analysis, MCI were more likely to deactivate during R relative to M,
while EC showed no difference between conditions. This suggests that
greater deactivation in MCI was associated with higher task demands.
While there were no associations between this activity and behavioral
performance, in MCI activity did show direct correlations with cogni-
tion, such that those with better cognitive ability showed the greatest
extent of deactivation. Again, while not definitive, this latter point is
more consistent with a compensatory interpretation. Assuming that for
the tasks used here the DMN is a “nuisance” network (e.g. reflects mind-
wondering or other internal processes not related to task processing)
increased suppression of this network may be a strategy needed to
prioritize and focus task processing. This observation is line with pre-
vious work demonstrating that in MCI, high cognitive reserve is cor-
related with increased deactivations (Bosch et al., 2010).

4.3. Hypoactivation in MCI

Across all task contrasts we observed hypoactivation of posterior
brain regions, in particular, the right IPL or IPS. This was observed both
when patients were performing the task well (MvMc) and when they
were not (RvRc, RvM). The tasks utilized here are highly reliant on the
parietal lobe, and given the involvement of parietal regions in MCI
(Karas et al., 2008) it is not surprising that hypoactivation was ob-
served. While the finding was not significant in this small sample, we
did observe numerically smaller brain volume in posterior regions of
the DMN in MCI. Likewise, we observed an attenuation of deactivation
of inferior medial PFC in the Reasoning (RvRc) and Maintenance
Working Memory (MvMc) contrasts. Rostral medial PFC deactivations
appear greatest when there is a need to support working memory re-
presentations, such as internal cues or reminders (Landsiedel and
Gilbert, 2015), suggesting disruptions to anterior DMN also underlie
cognitive symptoms in MCIL. The DMN appears vulnerable to amyloid
accumulation (Buckner et al., 2008). While we did not confirm amyloid
positivity in this sample, patients with MCI have higher rates of amyloid
accumulation than cognitively normal adults (Pike et al., 2007). Thus,
patterns of hypoactivation occurred in regions both important for the
tasks under investigation, and regions vulnerable to disease in MCI.

4.4. Task difficulty in MCI

This analysis enabled multiple examinations of the networks in-
volved in executive processing. We observed hyperactivation of left PFC
during Maintenance Working Memory in individuals with MCI, which
may be driven by the maintenance requirements of the task, as sug-
gested in prior work in MCI (Bokde et al., 2010). While we observed
hyperactivation of left prefrontal cortex during Maintenance Working
Memory (M > Mc) in MCI, this did not persist in our Central Executive
comparison (R > M). As summarized in the introduction, task diffi-
culty appears related to task positive activation, in that MCI patients
tend to show regional hyperactivation for hard versus easy contrasts
when behavioral performance is equivalent to the control group (e.g.
M > Mc), but hypoactivation when they perform worse (e.g. R > Rc,
R > M). Given that MCI patients performed worse on R trials than EC,
but there were no differences between groups on M, this may explain
why we did not observe prefrontal hyperactivations in R > M but did
in M > Mc. To the extent prefrontal hyperactivation does reflect
neural compensation, it appears adaptive to the task at hand. Compli-
cating this interpretation, we did observe hyperactivation in this same
region in M > Mc in the MCI group when we covaried for age. In
contrast, we did observe increased deactivation in DMN in the Central
Executive and Reasoning contrasts, despite the R trials being more
difficult for MCI. Prior work has also observed increased deactivation
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during more difficult task processing in MCI (Kochan et al., 2010). Thus
these DMN changes may be a less efficient compensatory response than
increased utilization of task positive networks. In other words, they
may reflect a secondary attempt at compensation, when frontal systems
are insufficient.

4.5. Limitations

There are limitations to the present paper. First, patients with MCI
included both those on and off dementia medications. In our post-hoc
analyses we did not see any differences in activity when split by med-
ication status. Because we recruited primarily from the VA, most of our
sample consists of men. Ideally, we would investigate the Central
Executive during a task with matched behavioral performance in the
MCI group. Our analysis focused on correct trials only, in an attempt to
correct for this. We also note that we investigated only one aspect of
executive functioning. This is a cross-sectional study, and as such in-
terpretations about how these network changes relate to disease pro-
gression are speculative.

The cross-sectional nature of the study also makes it impossible to
confirm the underlying pathology of our MCI participants, some of
whom may eventually revert back to EC or develop a form of dementia
other than AD. We took several measures to increase the likelihood that
participants in our study represent early AD rather than another un-
derlying pathology. First, the MCI participants included here were di-
agnosed based on consensus meeting between two neuropsychologists,
with non-amnestic subtypes of MCI excluded from study. Current re-
search suggests that individuals with an amnestic MCI presentation
(single or multi-domain) are more likely to develop AD than other MCI
subtypes (Ravaglia et al., 2005; Yaffe et al., 2006). Additionally, MRI
scans were reviewed and participants were excluded if they had evi-
dence of significant cerebrovascular disease thus reducing the like-
lihood of an underlying vascular, rather than AD, pathology. We did not
include biological biomarkers of AD (e.g., amyloid imaging) in our di-
agnostic procedures. Recent reviews cite the utility of neuropsycholo-
gical measures in detecting early AD related changes with high sensi-
tivity and specificity, thus speaking to their potential role as AD
biomarkers (Han et al., 2017; Weissberger et al., 2017) and supporting
our use of neuropsychological test review as a diagnostic procedure in
this study.

The Central Executive contrast compares R trials to M trials. When
assessing between group differences in deactivations, we have inter-
preted our findings with the M trials as our reference control. However
it is also possible to consider this analysis from the opposite contrast-
that we are examining brain regions more active in M trials than R. This
may in part explain why we see “deactivation” of occipital and fusiform
regions in this contrast (M > R; Fig. 5A). This is not true deactivation,
but rather a reflection of the fact that M trials are associated with more
activity in these regions, likely due to the greater visual complexity of
the task stimuli. The bar graphs showing the signal underlying the
between group differences demonstrates that the region showing less
activity in the MCI group is actually a region that the MCI group fails to
activate during M trials, consistent with this perspective. In contrast,
those regions in which MCI showed increased deactivations (Fig. 5B)
relative to EC appear to be driven by true greater extent of deactivation
in R trials in the MCI group.

4.6. Conclusions

Putting these findings together, this study highlights differences in
both task positive and task negative networks during executive func-
tioning in MCI. Across comparisons, patients showed hypoactivation of
parietal lobe activity, and attenuation of medial PFC deactivation. In
addition to being relevant to the tasks at hand, both regions are im-
plicated in AD pathology (Braak and Braak, 1995; Klunk et al., 2004).
During the Maintenance Working Memory task, a task that was
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behaviorally intact for the MCI group, we observed hyperactivation of
the left PFC. In our Central Executive comparison, in which MCI per-
formance was behaviorally worse than EC performance, we observed
increased deactivation of posterior regions of the DMN. These latter two
findings may be compensatory, given that those patients with the lar-
gest functional activity differences were those that showed either better
clinical presentation or larger hippocampal volume. Thus, executive
functioning is characterized by a break down and subsequent attenua-
tion of normal task positive and negative networks, coupled with the
recruitment of other regions within these networks potentially to
compensate for this break down.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.06.014.
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