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Introduction: Subjective cognitive decline (SCD) may represent the earliest

preclinical stage of Alzheimer’s Disease (AD) for some older adults. However, the

underlying neurobiology of SCD is not completely understood. Since executive

function may be a�ected earlier than memory function in the progression of AD,

we aimed to characterize SCD symptoms in terms of fMRI brain activity during the

computerized digit-symbol substitution task (DSST), an executive function task.

We also explored associations of DSST task performancewith brain activation, SCD

severity, and amyloid-ß (Aß) load.

Methods: We analyzed data from 63 cognitively normal older individuals (mean

age 73.6 ± 7.2) with varying degree of SCD symptoms. Participants completed a

computerized version of DSST in the MR scanner and a Pittsburgh Compound-B

(PiB)-PET scan to measure global cerebral Aß load.

Results: A voxel-wise analysis revealed that greater SCD severity was associated

with lower dorsomedial thalamus activation. While task performance was not

associated with brain activation nor Aß load, slower reaction time was associated

with greater SCD severity.

Discussion: The observed lower dorsomedial thalamus activation may reflect

declining familiarity-based working memory and the trans-thalamic executive

function pathway in SCD. SCD symptoms may reflect altered neural function and

subtle decline of executive function, while Aß load may have an indirect impact

on neural function and performance. Self-perceived cognitive decline may serve

as a psychological/subjective marker reflecting subtle brain changes.

KEYWORDS

subjective cognitive decline, fMRI, digit-symbol substitution task, executive function,

amyloid

Introduction

Subjective cognitive decline (SCD) is common among older adults and a possible clinical

state proposed for research that may represent the earliest detectable sign of cognitive

decline in aging in some individuals and may predict the future development of Alzheimer’s

disease (AD) (1). Individuals with SCD have elevated self-perceived cognitive decline or

concerns regarding their cognitive function but perform within the normal range on

standard neuropsychological tests. For some individuals with SCD, their symptoms predict

a higher risk for future mild cognitive impairment (MCI) and AD diagnosis (2, 3). The
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primary symptoms of SCD are self-perceived decline or complaints

regarding memory. While objective memory impairment

represents the classical hallmark of AD, multiple studies have

suggested that executive function may decline (4, 5), possibly even

prior to memory impairment (6). Investigating neural correlates

of executive functioning among individuals with SCD may thus

improve our understanding of potential early signs and symptoms

of cognitive decline and their underlying neural mechanisms.

Executive function encompasses higher-order cognitive

processes that allow for complex mental operations, such as

attention, planning, monitoring, inhibition, task switching, and

working memory (7). SCD has been reported to be associated with

lower executive function performance, resembling deficits seen in

AD (8–10). Previous neuroimaging studies with executive function

tasks in SCD have yielded somewhat mixed results of hyper-

and hypoactivation (10–12). In contrast, AD-related functional

and structural pathological changes in executive function and

associated brain networks are well-characterized. For example,

impaired executive function is associated with reduced metabolism

in the cognitive control network (i.e., dorsolateral prefrontal,

anterior cingulate, and parietal cortex) (13–16) and decreased

structural integrity of this network (17, 18). Individuals with

MCI had greater activation during executive function tasks in

the cognitive control network in comparison with those without

cognitive impairment (19, 20). This heightened activation is often

interpreted as a compensatory process to maintain cognitive

performance in response to pathological changes in the brain

such as cerebral amyloid-beta (Aβ) load, atrophy, and white

matter structural damage. Given that SCD may precede MCI (1),

mirroring the relationship between MCI and AD, it is possible that

the hyperactivation in the cognitive control network observed in

SCD may underlie the suboptimal yet maintained performance

of executive functioning in an AD pathway, at least for some.

However, the literature on neuroimaging studies involving SCD

remains limited and inconclusive, displaying both hyper- and

hypoactivation patterns. These inconsistencies could be attributed

to the inherent complexity of “executive functions,” which

comprise various intricate subdomains. To address this gap, we

aimed to enhance our understanding of the relationship between

executive functioning and SCD symptoms using a different task—

the digit-symbol substitution test (DSST). This task may provide

additional insights into the underlying mechanisms of executive

dysfunction in SCD and its potential ties to AD-related pathways.

In the present study, we employed a computerized version of
the DSST [adapted from the Weschler Adult Intelligence Scale-

Revised (WAIS-R)] (21). The WAIS-R DSST, a paper-and-pencil
test, is a commonly used neuropsychological measure sensitive
to age-related cognitive decline (22) and pathology (23) and also
shows associations with the functional ability to complete everyday
tasks (24). The DSST is “polyfactorial” (24), requiring multiple

cognitive operations for successful performance (25), including

working memory, cognitive control, attention, and processing

speed. Previous fMRI studies have used computerized versions

adapted for the fMRI scanner procedures, as in the present

study, and they have shown DSST-induced activations in the

frontoparietal cognitive control network (26–29), supporting the

notion that DSST involves multiple cognitive processes. The fMRI

version of the DSST of the present study (28, 29) was designed

to induce activations related to working memory and attentional

control (see task description below).

Another understudied area in SCD research is the relationship

among SCD symptoms, neural function (e.g., hypo- or

hyperactivation), and Aß load. A previous study from our

group assessed the relationship between cerebral Aß load and

DSST-induced activation among a partially overlapping sample

(57% of overlap) of cognitively normal older adults (29). This

study found that greater Aß deposition was associated with greater

activation in the insula, inferior frontal gyrus, precuneus, calcarine,

and middle temporal regions, indicating a possible compensatory

hyperactivation corresponding to Aß load. Another study from

our group in the same sample as the current study (30) found

the previously reported positive association between Aß load and

SCD symptom severity (31, 32). The relationship between SCD

symptom severity and DSST-induced activation with this task has

not been tested. Building on these results, we hypothesized that

greater SCD symptom severity would be associated with greater

cortical DSST-induced activations, since SCD symptoms correlate

with Aß, which is correlated with DSST activation. In addition

to the main hypothesis, we explored the relationship between

DSST-induced activation and task performance (i.e., reaction time

of the in-scanner DSST task). We hypothesized that both greater

SCD symptom severity and Aß load (i.e., known AD risk factors)

would be associated with lower DSST task performance (i.e., slower

reaction time).

Methods

Participants

Data from 66 cognitively normal older adults (average age =

73.6 ± 7.2) with a varied range of SCD symptom severity were

analyzed from two study settings: the University of Pittsburgh

Alzheimer’s Disease Research Center (ADRC) study on SCD

(n = 21) and a volunteer-based neuroimaging community

study of aging (n = 45). The diagnostic criteria of SCD were

broadly aligned with the broad symptomatic definition of pre-

MCI SCD by the Subjective Cognitive Decline Initiative (SCD-

I) working group (1), including (1) self-perceived cognitive

decline, (2) normal neuropsychological testing (described in the

next section), (3) no MCI or dementia diagnosis, and (4) no

major psychiatric/neurologic disease. Additional inclusion criteria

for the ADRC SCD study were age 50 and older, self-referred

(i.e., seeking clinical evaluation) because of subjective cognitive

concerns, normal on neuropsychological testing (described in the

next section), and English fluency. Inclusion criteria for volunteers

from the surrounding regions of the University of Pittsburgh were

age 65 and older, normal objective cognitive function, and English

fluency. The following exclusion criteria applied to both groups:

MCI or dementia diagnosis, history of major neurologic disease

(e.g., Parkinson’s disease, Huntington’s disease, multiple sclerosis),

lifetime history of schizophrenia, manic-depressive disorder, or

schizoaffective disorder, current substance abuse or dependence,

current medical conditions/medications that may affect cognitive

function (e.g., recent brain surgery, chronic renal failure, severe

pulmonary disease), and contraindications for MRI or PET scans.
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Additionally, in the community sample, we excluded individuals

with significant psychoactive medication use (e.g., narcotics,

benzodiazepines, and sedatives) or current clinical depression

[defined as a score of 15 on the Geriatric Depression Scale (GDS)];

however, we did not exclude individuals with a history or current

anxiety disorders. Each participant underwent a comprehensive

multi-domain neuropsychological assessment by trained clinical

staff, and the assessments were reviewed in a diagnostic consensus

conference that involved at least two ADRC investigators (authors

BS and WK) and required at least two-person agreement. The

ADRC diagnostic consensus conference is larger and multi-

disciplinary. The University of Pittsburgh Institutional Review

Board reviewed all protocols in this study, and all participants

provided written consent prior to participation.

One memory clinic patient and one community volunteer were

excluded due to poor task performance (described below), and

one community volunteer was excluded due to excessive head

motion in the MR scanner (more than 20% of resting state data

identified as head jerks), yielding a final sample of n = 63 [83%

overlap of cognitively normal older adults (57% of total) with our

previous report] (29). Since we combined the participants from

two recruitment sources, we controlled for this group variable in

our analyses.

Neuropsychological battery and SCD
measures

The same neuropsychological battery was utilized in both

samples. Normal cognitive function was defined as having

no more than two scores that were below one standard

deviation age- and education-adjusted norms on the following

neuropsychological battery: global cognitive function [Mini-

Mental State Examination (33)];memory [Word List Learning from

the Consortium to Establish a Registry in Alzheimer’s Disease

battery (34), modified Rey-Osterrieth immediate and delayed recall

(35)] language [Boston Naming test (36), and Letter/Category

Fluency (37)]; visuospatial abilities [Modified Block Design, Digit

Spans Forward/Backward (21)], and executive functions [Trail

Making Test (Trails B-A) (37), a paper-and-pencil version digit

symbol (21)].

As detailed previously in Snitz et al. (38), these scores were

reviewed at a diagnostic consensus conference as part of the ADRC

protocol. The NEO Five-Factor Inventory 3 (39) was administered

to assess neuroticism, which has often been associated with

SCD (40). Depressive symptoms were measured by the Geriatric

Depression Scale (GDS) (41).

The Memory Functioning Questionnaire (MFQ) (42), the

Cognitive Failures Questionnaire (CFQ) (43), and the Subjective

Cognitive Complaint Scale (SCCS) (44) were utilized to assess the

severity of SCD symptoms. The MFQ is a 64-item scale assessing

six factors: retrospective functioning, e.g., “How is your memory

compared to . . . 1, 5, 10 years ago?”; frequency of forgetting, e.g., of

names, faces, appointments, and where you put things; forgetting

during reading; remembering past events; and seriousness (i.e., how

“serious” a problem is forgetting names, faces, and appointments).

The CFQ is a 25-item scale assessing the likelihood of committing

errors during everyday tasks, e.g., failing to notice signs on the

road or remembering what was intended to buy at the store.

The SCCS is a 24-item scale assessing common memory and

other cognitive complaints across the spectrum from normal

aging to MCI and mild dementia, e.g., worsening of remembering

things that happened a few days ago, how to use appliances, and

understanding what people say, assessing a more extended range of

subjective symptom severity than the other two scales.

The standardized scores of each of the MFQ, CFQ, and

SCCS measures were first calculated using the adjusted means

from previously published studies (38, 45, 46) and standard

deviations from the current participants’ responses, indicating

an age-appropriate average score of zero. The MFQ score

was then inverted to indicate that higher scores on all three

measures represented worse SCD symptom severity. The mean

of three Z-scores comprised a composite SCD symptom score,

which was included in analyses to indicate “SCD symptom

severity.” We confirmed the high internal consistency among

the three SCD measures. Composite reliability computed by

confirmatory factor analysis [“lavaan” R package (https://

cran.r-project.org/web/packages/lavaan/index.html)] was 0.89

(standardized factor loadings β = 0.85, 0.92, 0.78, respectively,

Supplementary Figure S1) with a suggested threshold >0.70 (47).

PET data acquisition

As detailed in Wilson et al. (48), [11C]PiB was synthesized by

a simplified radiosynthetic method based on the captive solvent

method. Fifteen 15 mCi of high-specific activity [11C]PiB (∼2.1

Ci/µmol at end-of-synthesis) was injected intravenously over 20 s

prior to scan acquisition. In order to correct for attenuation, a 10–

15min windowed transmission scan was acquired, followed by a

20-min emission scan (4 × 300 s frames) beginning 50-min post-

injection.

These scans were acquired on a Siemens/CTI ECAT HR+

scanner (Siemens Medical Solutions, Knoxville, TN) in 3D mode

[63 axial imaging planes, field-of-view (FOV) 15.2 cm, in-plane

resolution 4.1mm full-width at half-maximum, at FOV center,

axial slice width 2.4mm], which is equipped with a neuro-insert

to reduce scattered photon contribution. PET emission data were

reconstructed using filtered back projection and included standard

corrections for attenuation, scatter, and radionuclide decay. Of

note, four memory clinic participants were missing [11C]PiB-PET

data, and these participants were excluded only from the analyses

that included Aβ load.

PET data analyses

Using the structural MPRAGE, we defined six hand-drawn

regions, including the frontal cortex (ventral and dorsal),

anterior cingulate (subgenual and pregenual), anteroventral

striatum, mesial temporal (hippocampus and amygdala),

precuneus/posterior cingulate (ventral, middle, and dorsal),

parietal cortex, lateral temporal, occipital (calcarine and pole),

and cerebellum (49). As described in a prior study (50), PET-MR
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co-registration was performed using automated image registration

algorithms for alignment and interpolation.

We then inspected the dynamic [11C]-PiB acquisition frames

for interframe motion. If suspected, the automated image

registration algorithm, which was optimized for PET-to-PET

registration, was applied on a framewise basis. A summed image

over the post-injection interval was computed, and a spatial

transformation was applied, which was resliced in MPRAGE space.

Regional concentrations were then normalized to non-specific

uptake in the cerebellum, which yielded a standardized uptake

value ratio (SUVR) measure (51). We then partially corrected

regional SUVRs using a previously validated method that corrected

for the dilution of PET signal due to limited spatial resolution

(51–54)—this two-component approach corrects for the dilutional

effect of expanded cerebrospinal fluid spaces that accompanies

normal aging and disease-related cerebral atrophy using FSL

software (University of Oxford, Oxford, UK). We then computed

a global PiB retention index reflecting cerebral amyloid load (i.e.,

Aß load) from a weighted average of the SUVR values from the six

regions listed above.

MRI data acquisition

3T Siemens Trio TIM scanner with a 12-channel head coil

was utilized to collect all MRI data for this study. Whole-brain

sagittal 3Dmagnetization prepared rapid-acquisition gradient echo

(MPRAGE) sequence parameters included echo time (TE) =

2.98ms, repetition time (RT) = 2,300ms, flip angle (FA ) =90o,

FOV = 256 × 240, 1 × 1 × 1.2mm resolution, 0.6mm gap, and

a generalized autocalibrating partial parallel acquisition (GRAPPA)

acceleration factor of 2. A whole-brain axial EPI (echo-planar

imaging) BOLD sequence during the DSST task collected the

following parameters: TE= 32ms, TR= 2,000ms, FA= 90o, FOV

= 128 × 128, 2 × 2 × 4mm resolution with no gap, and GRAPPA

factor of 2. Due to low coverage and placement, the MRI scans did

not cover the inferior aspect of the cerebellum or the most superior

portion of the motor/supplemental motor cortex.

In-scanner digit-symbol substitution task

Participants completed the computerized version of DSST (28,

29) in the MRI scanner with two conditions: experimental and

control. During the experimental condition, a visual cue (1.2 s)

that included a simple geometric symbol (e.g., inverted “T”) and

a number. After a brief delay (blank screen, 0.2 s), participants

were shown four different symbol–number pairs on a single screen.

Participants pressed the right button (right-index finger) if the

answer key contained the same symbol-number pair as the cue

or the left button (left-index finger) if it did not. All participants

familiarized themselves with the task before getting into the scanner

and were instructed to respond “as fast and accurately as you

possibly can.

The control condition was identical to the experimental

condition except the answer keys consisted of four of the same

symbols with a cue paired by a letter “R” or “L” to press the right

or left button, respectively. The task was a block design with eight

trials per block. Experimental and control conditions alternated.

Each block of the condition (56 s) was repeated five times (a total

of 9min and 20 s).

The main behavioral measure of interest was reaction

time during the experimental block (i.e., median in-scanner

reaction time for correct trials). This performance index was

designed to represent the cognitive processes that align with the

subjective experience of cognitive difficulties despite successful task

performance. We computed the median reaction time of the trials

in the experimental blocks after discarding missing or incorrect

trials. Additionally, accuracy and the percentage of missing trials

(for each condition separately) were examined to evaluate valid

task effort. Two participants with excessive missing trials (more

than 90%) in the experimental condition were excluded. Reaction

time was correlated with accuracy (r =−0.42, p < 0.001); however,

this cognitively unimpaired cohort had high task accuracy near the

ceiling, so reaction time was the more sensitive measure of subtle

individual differences in task performance.

MRI image processing

The structural and functional MRI data in this study were

processed using the Statistical Parametric Mapping (SMP12)

toolbox in MATLAB 2016b (MathWorks). After co-registration

with the MPRAGE image, the FLAIR and T2-weighted sequences

were bias-corrected and then segmented into tissue classes for the

generation of a deformation field, followed by the normalization

of images to Montreal Neurological Institute (MNI) space. An

automatic intracranial volume mask was then generated using a

0.1 threshold on the gray matter/white matter/CSF, and the skull

was removed after image filling and closing in MATLAB applied to

the MPRAGE.

After this, the functional MRI data underwent motion

correction, co-registration to the skull-stripped MPRAGE,

normalization to MNI space at a 2mm isotropic resolution,

and smoothing with a Gaussian kernel of FWHM 8mm. Five

summary measures of motion were computed using ArtRepair

toolbox (http://cibsr.stanford.edu/tools/human-brain-project/

artrepair-software.html). Median and interquartile range (in

parentheses) values for the following measures were minimal: the

maximum range of translational motion 1.67 (1.4), maximum

translational motion 1.36 (1.1), average root mean square motion

1.41 (1.1), average scan-to-scan motion across sessions 0.19 (0.1),

and percentage of TRs with head jerks (>0.5mm for combined

translation and rotation) 2.14 (6.3). Framewise displacement was

computed based on these six motion parameters as a summary

score of motion (55) using the “fd” function in the “FIACH” R

package (http://search.r-project.org/library/FIACH/html/fd.html).

The effects of the experimental and control conditions

were modeled by convolving boxcars of their stimuli with the

hemodynamic response function. Additionally, the signal mean, six

motion correction parameters, a high-pass filter of 1/128 Kz for

signal drift, and an autoregressive filter (for serial correlations due

to aliased biorhythms/unmodeled activity) were modeled as well.
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The contrast between experimental and control was computed for

use in group-level analysis.

Statistical analysis

We utilized statistical non-parametric mapping (SnPM13)

toolbox (http://www.nisox.org/Software/SnPM13/) for voxel-wise

statistical analysis and multiple comparisons correction (56). We

performed voxel-wise permutation testing (5,000 permutations)

and used a cluster-forming p-value of 0.001 based on Eklund

et al. (57).

To identify regions significantly active during the experimental

compared to the control condition, we performed a voxel-wise one-

sample t-test on the experimental-control contrast and corrected

the false discovery rate (FDR) rate<0.05. All subsequent voxel-wise

analyses were limited to regions that were significantly activated

during this task.

To test our main hypothesis, we conducted a voxel-wise

regression to evaluate the association between DSST activation

(experimental minus control) and SCD symptom severity. We

controlled for multiple comparisons by controlling the cluster

family-wise error (FWE) at <0.05 because the analysis was

limited to only regions significantly active during the task.

We also conducted the same voxel-wise regressions to test the

associations between DSST activation and task performance (in-

scanner reaction time) and between DSST activation and Aβ load.

To test the robustness of activation associated with SCD

symptom severity to nuisance variables, we ran a regression

analysis in R with extracted mean activation from significant

clusters (the outcome variable) with SCD symptom severity

(the predictor variable of interest) adjusted for age, sex, race,

education, recruitment source (memory clinic vs. community

study), global Aβ load, neuroticism, depressive symptoms,

task performance (measured by in-scanner reaction time), and

framewise displacement motion summary.

Results

Table 1 summarizes the demographic characteristics of the

sample, as well as SCD and neuropsychological scores and in-

scanner task performance (detailed sample descriptions are in

Supplementary Table S1). The mean age of participants was 73.6

(SD = 7.2), 63% were females, and 90% were Caucasians. The

mean years of education of 15.7 (SD = 3.1) indicate a college level

of education. In terms of genetic risk, 22% of participants had at

TABLE 1 Demographic characteristics, neuropsychological test battery and other measures.

Variables 63 Participants (female 63%)

Mean Median SD Range (min, max)

Age (years) 73.6 74 7.2 52, 93

Race 57 Caucasian (90%), 4 African American, 1 Asian, 1 not reported

Education (years) 15.7 16 3.1 12, 24

Aβ (Global PiB SUVR) 1.59 1.47 0.33 1.14, 2.63

MFQ 283.0 285 49.7 139, 398

CFQ 39.2 40 14.0 9, 74

SCCS 5.9 5 4.5 0, 17

SCD symptoms (composite
Z-score)

0.33 0.24 0.92 −1.23, 2.83

Geriatric Depression Scale 5.3 4 5.5 0, 26

Neuroticism 17.8 17 7.8 2, 42

Mini-mental state examination 29.0 29 1.2 24, 30

In-scan DSST reaction time (correct trials)

Experimental (ms) 1,512 1,489 281.5 973, 2,407

Control (ms) 1,021 965 227 659, 1,768

In-scan DSST accuracy

Experimental (%) 94.0 97.0 11.8 21, 100

Control (%) 98.9 100.0 2.2 90, 100

In-scan DSST missing trials

Experimental (%) 9.7 5.0 14.1 0, 65

Control (%) 5.3 0.0 11.3 0, 50

DSST, digit-symbol substitution task; SUVR, standardized uptake value rate; MFQ, Memory Functioning Questionnaire; CFQ, Cognitive Failures Questionnaire; SCCS, Subjective Cognitive

Complaint Scale.
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FIGURE 1

Schematic summary of the cross-sectional findings to highlight relationships among contributing factors to brain activation during DSST among

individuals with SCD symptoms. GREEN section: Slower in-scanner DSST reaction time was associated with greater SCD symptoms (right) but not Aβ

load (left). The association between reaction time and SCD symptoms remained significant when adjusting for demographic factors (age, sex, race,

and education). BLUE section: (A) Neural correlates of SCD Symptoms in the Dorsomedial Thalamus. Significant cluster (a cluster-FWE p < 0.05) in

the dorsomedial thalamus overlaid on an average structural brain from all participants. Color-bar indicates value of t-statistic associated with

regression term. (B) Association between SCD Symptoms and Dorsomedial Thalamic Activation. Plot demonstrating association between lower

mean dorsomedial thalamus activations and greater SCD symptoms. Black circles represent community volunteer participants. Red circles represent

memory clinic patients. ORANGE section: A positive association between Aß load and SCD symptom severity from the previously published the same

sample (30). The scatter plot was recreated with the current sample.

least one ε4 APOE allele (with a breakdown of 23% for community

volunteers and 21% for memory clinic participants, accounting

for three and one instance of missing data, respectively). There

was no significant difference in SCD symptom severity observed

between participants carrying at least one ε4 APOE allele and

those without [t(22.8) = 0.13, p = 0.90, Welch’s t-test]. Participants

had high (average 94.0%) task accuracy. Slower in-scanner DSST

reaction time was associated with greater SCD symptom severity

(β = 0.34, p = 0.01) but not Aβ load [β = −0.09, p = 0.50;

R2 = 0.11, F(2,55) = 3.46, p = 0.04; Figure 1: GREEN section].

The association between reaction time and SCD symptom severity

remained significant when adjusting for demographic factors (age,

sex, race, and education; Table 2).

We found greater activation during the experimental

condition (compared to the control condition, Table 3) in

the primary visual processing area (calcarine), executive

control network (dorsolateral prefrontal cortex, inferior and

superior parietal lobes, and precuneus), salience network (insula

and dorsal cingulate cortex/supplemental motor area), and

subcortical regions (hippocampus and dorsomedial thalamus;

Supplementary Figure S2).

Greater SCD symptom severity was associated with lower

DSST-induced activation in the bilateral dorsomedial thalamus

TABLE 2 Regression analysis summary: association between task

performance (in-scanner reaction time) and SCD symptoms with

covariates of interest.

β 95% CI t-value p-value

SCD symptoms 0.32 0.00, 0.64 2.13 0.04

Aβ load −0.08 −0.36, 0.21 −0.49 0.63

Age 0.13 −0.18, 0.43 0.83 0.41

Sex (male) −0.18 −0.73, 0.36 −1.32 0.19

Race (Asian) 0.01 −2.39, 2.40 0.03 0.98

Race (Caucasian) 0.15 −0.88, 1.18 0.95 0.35

Education 0.08 −0.27, 0.43 0.49 0.63

Standardized β-values are reported.

(cluster-wise FWE p < 0.05, Figure 1: BLUE section). This

association was robust to covariates (age, sex, race, education,

recruitment source, global Aβ load, neuroticism, GDS, in-scanner

DSST reaction time, and framewise displacement motion; Table 4).

To evaluate a possible effect driven by outliers, we repeated this

analysis using the non-parametric Spearman’s rank correlation.

The result confirmed the significant association between SCD
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TABLE 3 DSST main e�ect (experimental > control).

Regions # of voxels Peak intensity (t) MNI coordinates

x y z

Calcarine/precuneus/superior parietal
lobe (SPL)/inferior temporal (BA37)

8,210 11.4 −30 −84 22

L Hippocampus 22 4.9 −28 −30 −6

R Insula 58 5.3 32 24 0

L Insula 187 5.4 −30 18 8

L Thalamus 200 5.8 −14 −6 10

L Precentral/ IFG 1,837 4.8 −44 2 32

R IFG_Oper 109 5.7 38 4 32

Dorsal anterior cingulate cortex
(dACC)/supplemental motor area
(SMA)

491 8.6 −6 14 50

R Precentral (BA 6)/IFG 170 5.8 32 0 46

Voxel-wise FDR p < 0.05, minimum cluster size= 20.

TABLE 4 Regression analysis summary: association between

DSST-related activation of the bilateral dorsomedial thalamus and SCD

symptom severity, with covariates of interest.

β 95% CI t-value p-value

SCD symptom
severity

−0.53 −1.02,−0.04 −2.58 0.01

Age 0.26 −0.07, 0.60 1.73 0.09

Sex (male) 0.08 −0.48, 0.65 0.62 0.54

Race (Asian) 0.07 −2.48, 2.61 0.40 0.69

Race
(Caucasian)

0.13 −0.95, 1.21 0.87 0.39

Education −0.12 −0.48, 0.24 −0.83 0.41

Recruitment
source (memory
clinic)

0.31 −0.71, 1.34 1.45 0.16

Aβ load 0.01 −0.27, 0.30 0.08 0.96

Neuroticism 0.19 −0.23, 0.61 0.95 0.34

Geriatric
Depression Scale

−0.16 −0.70, 0.37 −0.64 0.53

In-scanner DSST
reaction time

0.27 −0.05, 0.59 1.83 0.07

Framewise
displacement
motion
summary

−0.38 −0.66,−0.10 −2.71 0.01

Standardized β-values are reported. In this post-hoc analysis, the p-value for the framewise

displacement motion summary exhibited the statistical significance (p = 0.01); however, the

SCD symptom severity was not associated with framewise displacement motion summary

[r(61) = 0.13, p= 0.29].

symptoms and DSST-induced activation in bilateral dorsomedial

thalamus [rs(63) =−0.38, p= 0.002].

We found no significant associations between DSST-

induced activation and in-scanner DSST reaction time.

Aβ load was not associated with either DSST activation or

task performance.

Discussion

We investigated brain activation during an executive function

task among older adults with varying levels of SCD symptom

severity by using a computerized DSST task that taps working

memory and attentional control. Contrary to our hypothesis,

we found a negative association between SCD symptom severity

and DSST-induced activation in the subcortical region. Greater

SCD symptom severity was associated with lower dorsomedial

thalamus activation during DSST. The analyses of in-scanner DSST

task performance showed no association between DSST-induced

activation and reaction time. However, worse task performance

(i.e., slower reaction time for correctly answered trials) was

associated with greater SCD symptom severity. Task performance

was not associated with Aß load. We have previously reported that

greater SCD symptom severity was associated with greater Aβ load

in the same participants (30). These collective results suggest that

neural function and executive task performance are more directly

associated with SCD symptom severity than Aβ load.

Self-perceived cognitive decline and concerns likely represent

metacognitive awareness (i.e., reflection on and knowledge about

one’s own cognitive process). Subjective cognitive concerns may

arise due to subtle changes in the usage of neural resources

and underlying neurobiological changes in the aging brain. The

cognitive control network is the typical neurofunctional structure

that mediates executive function and associated processes (16). The

present study observed the expected task-induced activations in

the regions that belong to this network. However, we found the

dorsomedial thalamus to be the neural correlate of SCD symptom

severity during the executive function task. Recent studies have

proposed the contributions of the dorsomedial thalamus to

complex cognitive operations by emphasizing its anatomical
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connection to the frontal cortex (58, 59). The dorsomedial thalamus

has reciprocal connections with the prefrontal cortex, including

the dorsal anterior cingulate [e.g., studies in both animal (60) and

human studies (61)]. This “trans-thalamic” pathway connecting

the medial temporal lobe and prefrontal cortex may provide

the function of orchestrating the temporal fidelity to execute

cognitive operations (59, 62). The DSST fMRI paradigm requires

coordinating a sequence of temporally discrete information steps:

encoding a cue, holding it in working memory with a short delay,

identifying the matched symbol while eliminating distractors, and

coordinating visuomotor information to choose the correct key.

Therefore, lower dorsomedial thalamus activation may indicate

that suboptimal trans-thalamic cognitive processes, which are not

manifest as an overt impairment (i.e., low accuracy), underlie

SCD symptoms.

Working memory is a key component of cognitive operations

during DSST performance (27), and our computerized version

of DSST is particularly designed to induce working memory

activities. To recognize the symbol–number pair that is held as a

cue in working memory, there are two possible processing routes:

recollection and familiarity (63). Although these two processing

routes are mainly investigated in the context of episodic (long-

term) memory, the same dual processes are also speculated to

be present in working memory and short-term memory (64–66).

Recollection refers to the retrieved details of previous experience

associated with a given item, whereas familiarity is a mere sense

of the previous exposure to a given item and is thought to

be mediated in the perirhinal cortex through the dorsomedial

thalamus pathway (67–69). The DSST (our version and others)

does not require recollection of the elaborate details that were

associated with the cue (e.g., when/where the cue was acquired),

so familiarity-based memory may be a more likely processing

route. Earlier studies have suggested that the process of aging

is associated with impaired recollection but not familiarity (70).

However, a growing number of studies support the notion that

familiarity-based memory is also associated with healthy aging

and may be more closely associated with AD-related processes
(71, 72). The decline of familiarity-basedmemorymay be a possible
means to identify those at risk for developing Alzheimer’s disease

(71). We suggest that the association between lower thalamic
activation and greater SCD symptoms may indicate deteriorating

familiarity-based working memory function at an early stage of

cognitive decline.

While in-scanner DSST performance showed no direct

association with neural activation, worse performance was

associated with greater SCD symptom severity (Figure 1: GREEN
section). Furthermore, there was no association between task

performance and Aβ load. However, we previously reported a
positive association between Aß load and SCD symptom severity
among these same participants (30) (Figure 1: ORANGE section).

With our core finding of the association between brain activation

and SCD symptom severity (Figure 1: BLUE section), we suggest

that SCD symptoms act as a unifying factor connecting all the

variables we tested: Aß load, task performance (reaction time),

and brain activation (Figure 1). In the visual summary of results

related to this cohort, accumulating Aß load was related to elevated

SCD symptom severity (Figure 1: an orange arrow); however, Aß

load itself was not related to DSST task performance or brain

activation. Instead, we posit that the contribution of Aß load to

executive function at the behavioral and neural levels is via SCD

symptom severity. It is pertinent to point out that this indirect

contribution through SCD symptoms could be specific to our task

and cohort, warranting further investigation to better understand

the relationship between Aß and SCD.

Collectively, our results underscore the significance of SCD

symptoms as an early sign of AD-associated cognitive decline as

they not only appeared to reflect Aß load but also deteriorating

neural function. In addition to Aß, the relationship of other

AD neuropathologies with SCD symptoms needs to be further

investigated. In one SCD study, CSF biomarkers of total tau

pathology but not Aß were associated with cognitive decline

(73). As seen in studies in individuals with MCI, tau pathology

may have a direct association with cognitive function in SCD.

Although the relationship between Aβ load and SCD is somewhat

inconsistent (74, 75), SCD symptoms may be at least partially

accounted for by Aβ-associated neural alterations. A more recent

study (76) reported that Aβ load was not associated with the

general severity of SCD but rather with elevated SCD-related

worry and awareness of memory deficit. These suggest that

SCD symptoms may encompass broad aspects of metacognitive

awareness of not only Aβ-associated cognitive decline but also

associated psychological factors, including depressive symptoms,

worry, and neuroticism (77).

Limitations

In this cross-sectional fMRI study, it is unclear how to interpret

“low” activation in the thalamus. We lack data on neural function

prior to the onset of SCD symptoms, which limits interpretation.

The present study employed the approach of investigating SCD

symptoms as a continuous variable (i.e., SCD symptom severity)

rather than a categorical/diagnostic group in combined clinical

and community-dwelling samples. First, the continuous variable

approach has been used in SCD research (2, 32, 78), and

this approach avoids an arbitrary operationalization of SCD as

a diagnostic classification. Second, our approach to investigate

combined clinical and community-dwelling samples allowed us to

capture neurobiological features that were represented in a wider

population (i.e., higher generalizability, not limited to clinical/help-

seeking SCD samples). This approach has been previously used in

an fMRI study in SCD (79), and it is concordant with recent rising

efforts to understand the SCD symptoms among the understudied

community-dwelling sample (80–83). Despite various advantages

of treating SCD as a continuous variable, there may be qualitative

differences between SCD symptoms in memory clinic patients and

“questionnaire-discovered” individuals who have SCD symptoms

in community samples. We attempted to address this point by

analytically controlling for recruitment sources in the present

findings. We also have a limited sample size; however, our study

has one of the largest samples of those with SCD and both fMRI and

amyloid PET (10–12). Considering the known concerns regarding

the heterogeneity of individuals with SCD, we need longitudinal

studies to interpret inferences about changes accurately. Future

studies should also include younger participants (e.g., 50s) to

further understand the neural basis of earlier cognitive decline.
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Summary

We found that lower dorsomedial thalamus activation during

an executive function task was associated with subjective

decline/concerns in older adults. The self-perceived decline

in memory and other cognitive function may be clinically

informative because these symptoms may reflect an individual’s

own longitudinal trajectory of cognitive capabilities. Future studies

should not be limited to the investigation of the memory domain

but consider the subtle decline of executive functions as a neural

feature of SCD.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the University

of Pittsburgh Institutional Review Board. The studies were

conducted in accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.

Author contributions

Study conception and design: AM, HK, HA, and BS. Data

acquisition: HK, BL, AC, CM, WK, HA, and BS. Analysis and

interpretation of data: AM, HK, ML, BL, HA, and BS. Drafting and

critical revision: AM, HK, ML, HA, and BS. All authors contributed

to the article and approved the submitted version.

Funding

This study was supported by grants T32 MH019986, T32

AG021885, P50 AG005133, P01 AG025204, and R37 AG025516

from the National Institutes of Health.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2023.

1242822/full#supplementary-material

References

1. Jessen F, Amariglio RE, Van Boxtel M, Breteler M, Ceccaldi M, Chetelat
G, et al. A conceptual framework for research on subjective cognitive decline
in preclinical Alzheimer’s disease. Alzheimers Dement. (2014) 10:844–52.
doi: 10.1016/j.jalz.2014.01.001

2. Buckley RF, Hanseeuw B, Schultz AP, Vannini P, Aghjayan SL, Properzi MJ,
et al. Region-specific association of subjective cognitive decline with tauopathy
independent of global beta-amyloid burden. JAMA Neurol. (2017) 74:1455–63.
doi: 10.1001/jamaneurol.2017.2216

3. Vogel JW, Varga Dolezalova M, La Joie R, Marks SM, Schwimmer HD,
Landau SM, et al. Subjective cognitive decline and beta-amyloid burden
predict cognitive change in healthy elderly. Neurology. (2017) 89:2002–9.
doi: 10.1212/WNL.0000000000004627

4. Van Harten AC, Smits LL, Teunissen CE, Visser PJ, Koene T, Blankenstein MA,
et al. Preclinical AD predicts decline in memory and executive functions in subjective
complaints. Neurology. (2013) 81:1409–16. doi: 10.1212/WNL.0b013e3182a8418b

5. Kirova AM, Bays RB, Lagalwar S. Working memory and executive function
decline across normal aging, mild cognitive impairment, and Alzheimer’s disease.
Biomed Res Int. (2015) 2015:748212. doi: 10.1155/2015/748212

6. Baudic S, Barba GD, Thibaudet MC, Smagghe A, Remy P, Traykov L. Executive
function deficits in early Alzheimer’s disease and their relations with episodic memory.
Arch Clin Neuropsychol. (2006) 21:15–21. doi: 10.1016/j.acn.2005.07.002

7. Diamond A. Executive functions. Annu Rev Psychol. (2013) 64:135–68.
doi: 10.1146/annurev-psych-113011-143750

8. Koppara A, Frommann I, Polcher A, Parra MA, Maier W, Jessen F, et al. Feature
binding deficits in subjective cognitive decline and in mild cognitive impairment. J
Alzheimers Dis. (2015) 48:S161–70. doi: 10.3233/JAD-150105

9. Smart CM, Krawitz A. The impact of subjective cognitive decline
on Iowa Gambling Task performance. Neuropsychology. (2015) 29:971–87.
doi: 10.1037/neu0000204

10. Hu X, Uhle F, Fliessbach K, Wagner M, Han Y, Weber B, et al. Reduced
future-oriented decision making in individuals with subjective cognitive decline: a
functional MRI study. Alzheimers Dement. (2017) 6:222–31. doi: 10.1016/j.dadm.2017.
02.005

11. Rodda J, Dannhauser T, Cutinha DJ, Shergill SS, Walker Z. Subjective cognitive
impairment: functional MRI during a divided attention task. Eur Psychiatry. (2011)
26:457–62. doi: 10.1016/j.eurpsy.2010.07.003

12. Dumas JA, Kutz AM, Mcdonald BC, Naylor MR, Pfaff AC, Saykin
AJ, et al. Increased working memory-related brain activity in middle-
aged women with cognitive complaints. Neurobiol Aging. (2013) 34:1145–7.
doi: 10.1016/j.neurobiolaging.2012.08.013

13. Collette F, Van Der Linden M, Salmon E. Executive dysfunction in Alzheimer’s
disease. Cortex. (1999) 35:57–72. doi: 10.1016/S0010-9452(08)70785-8

14. Cole MW, Schneider W. The cognitive control network: integrated
cortical regions with dissociable functions. Neuroimage. (2007) 37:343–60.
doi: 10.1016/j.neuroimage.2007.03.071

15. Woo BK, Harwood DG, Melrose RJ, Mandelkern MA, Campa OM, Walston A,
et al. Executive deficits and regional brain metabolism in Alzheimer’s disease. Int J
Geriatr Psychiatry. (2010) 25:1150–8. doi: 10.1002/gps.2452

16. Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter CS. Meta-
analytic evidence for a superordinate cognitive control network subserving
diverse executive functions. Cogn Affect Behav Neurosci. (2012) 12:241–68.
doi: 10.3758/s13415-011-0083-5

Frontiers in Psychiatry 09 frontiersin.org

https://doi.org/10.3389/fpsyt.2023.1242822
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1242822/full#supplementary-material
https://doi.org/10.1016/j.jalz.2014.01.001
https://doi.org/10.1001/jamaneurol.2017.2216
https://doi.org/10.1212/WNL.0000000000004627
https://doi.org/10.1212/WNL.0b013e3182a8418b
https://doi.org/10.1155/2015/748212
https://doi.org/10.1016/j.acn.2005.07.002
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.3233/JAD-150105
https://doi.org/10.1037/neu0000204
https://doi.org/10.1016/j.dadm.2017.02.005
https://doi.org/10.1016/j.eurpsy.2010.07.003
https://doi.org/10.1016/j.neurobiolaging.2012.08.013
https://doi.org/10.1016/S0010-9452(08)70785-8
https://doi.org/10.1016/j.neuroimage.2007.03.071
https://doi.org/10.1002/gps.2452
https://doi.org/10.3758/s13415-011-0083-5
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Mizuno et al. 10.3389/fpsyt.2023.1242822

17. Duarte A, Hayasaka S, Du A, Schuff N, Jahng GH, Kramer J, et al.
Volumetric correlates of memory and executive function in normal elderly, mild
cognitive impairment and Alzheimer’s disease. Neurosci Lett. (2006) 406:60–5.
doi: 10.1016/j.neulet.2006.07.029

18. Sjobeck M, Elfgren C, Larsson EM, Brockstedt S, Latt J, Englund E, et al.
Alzheimer’s disease (AD) and executive dysfunction. A case-control study on the
significance of frontal white matter changes detected by diffusion tensor imaging
(DTI). Arch Gerontol Geriatr. (2010) 50:260–6. doi: 10.1016/j.archger.2009.03.014

19. Rosano C, Aizenstein HJ, Cochran JL, Saxton JA, De Kosky ST, Newman AB,
et al. Event-related functional magnetic resonance imaging investigation of executive
control in very old individuals with mild cognitive impairment. Biol Psychiatry. (2005)
57:761–7. doi: 10.1016/j.biopsych.2004.12.031

20. Li C, Zheng J, Wang J, Gui L, Li C. An fMRI stroop task study of prefrontal
cortical function in normal aging, mild cognitive impairment, and Alzheimer’s disease.
Curr Alzheimer Res. (2009) 6:525–30. doi: 10.2174/156720509790147142

21. Wechsler D, De LemosMM.Wechsler Adult Intelligence Scale-revised. San Diego,
CA: Harcourt Brace Jovanovich (1981).

22. Salthouse TA. The role of memory in the age decline in digit-symbol substitution
performance. J Gerontol. (1978) 33:232–8. doi: 10.1093/geronj/33.2.232

23. Rosano C, Perera S, Inzitari M, Newman AB, Longstreth WT, Studenski
S. Digit Symbol Substitution test and future clinical and subclinical disorders
of cognition, mobility and mood in older adults. Age Ageing. (2016) 45:688–95.
doi: 10.1093/n/afw116

24. Jaeger J, Berns S, Uzelac S, Davis-Conway S. Neurocognitive deficits
and disability in major depressive disorder. Psychiatry Res. (2006) 145:39–48.
doi: 10.1016/j.psychres.2005.11.011

25. Davis AS, Pierson EE. The relationship between the WAIS-III digit symbol
coding and executive functioning. Appl Neuropsychol Adult. (2012) 19:192–7.
doi: 10.1080/09084282.2011.643958

26. Rypma B, Berger JS, Prabhakaran V, Bly BM, Kimberg DY, Biswal BB,
D’esposito M. Neural correlates of cognitive efficiency. Neuroimage. (2006) 33:969–79.
doi: 10.1016/j.neuroimage.2006.05.065

27. Usui N, Haji T, Maruyama M, Katsuyama N, Uchida S, Hozawa A, et al. Cortical
areas related to performance of WAIS Digit Symbol Test: a functional imaging study.
Neurosci Lett. (2009) 463:1–5. doi: 10.1016/j.neulet.2009.07.048

28. Venkatraman VK, Aizenstein H, Guralnik J, Newman AB, Glynn NW, Taylor C,
et al. Executive control function, brain activation and white matter hyperintensities in
older adults. Neuroimage. (2010) 49:3436–42. doi: 10.1016/j.neuroimage.2009.11.019

29. Karim HT, Tudorascu DL, Cohen A, Price JC, Lopresti B, Mathis C,
et al. Relationships between executive control circuit activity, amyloid burden, and
education in cognitively healthy older adults. Am J Geriatr Psychiatry. (2019) 27:1360–
71. doi: 10.1016/j.jagp.2019.07.008

30. Mizuno A, Karim HT, Ly MJ, Cohen AD, Lopresti BJ, Mathis CA, et al. An
effect of education on memory-encoding activation in subjective cognitive decline. J
Alzheimers Dis. (2021) 81:1065–78. doi: 10.3233/JAD-201087

31. Amariglio RE, Townsend MK, Grodstein F, Sperling RA, Rentz DM. Specific
subjective memory complaints in older persons may indicate poor cognitive function.
J Am Geriatr Soc. (2011) 59:1612–7. doi: 10.1111/j.1532-5415.2011.03543.x

32. Perrotin A, Mormino EC, Madison CM, Hayenga AO, Jagust WJ. Subjective
cognition and amyloid deposition imaging: a Pittsburgh Compound B positron
emission tomography study in normal elderly individuals. Arch Neurol. (2012) 69:223–
9. doi: 10.1001/archneurol.2011.666

33. Folstein MF, Folstein SE, Mchugh PR, Fanjiang G. Mini-mental State
Examination:MMSE User’s Guide. Lutz, FL: Psychology Assessment Resources (2000).

34. Morris JC, Edland S, Clark C, Galasko D, Koss E, Mohs R, et al. The Consortium
to Establish a Registry for Alzheimer’s Disease (CERAD): part IV. Rates of cognitive
change in the longitudinal assessment of probable Alzheimer’s disease. Neurology.
(1993) 43:2457. doi: 10.1212/WNL.43.12.2457

35. Becker JT, Boller F, Saxton J, Mcgonigle-Gibson KL. Normal rates of forgetting
of verbal and non-verbal material in Alzheimer’s disease. Cortex. (1987) 23:59–72.
doi: 10.1016/S0010-9452(87)80019-9

36. Kaplan E, Goodglass H, Weintraub S. Boston Naming Test. Pro-ed. Philadelphia,
PA: Lea & Febiger (2001).

37. Strauss E, Sherman EM, Spreen O. A Compendium of Neuropsychological Tests:
Administration, Norms, and Commentary. Washington, DC: American Chemical
Society (2006).

38. Snitz BE, Lopez OL, Mcdade E, Becker JT, Cohen AD, Price JC, et al.
Amyloid-beta imaging in older adults presenting to a memory clinic with subjective
cognitive decline: a pilot study. J Alzheimers Dis. (2015) 48(Suppl 1):S151–9.
doi: 10.3233/JAD-150113

39. Mccrae RR, Costa PTJr. Brief versions of the NEO-PI-3. J Individ Differ. (2007)
28:116–28. doi: 10.1027/1614-0001.28.3.116

40. Kliegel M, Zimprich D, Eschen A. What do subjective cognitive complaints
in persons with aging-associated cognitive decline reflect? Int Psychogeriatr. (2005)
17:499–512. doi: 10.1017/S1041610205001638

41. Yesavage JA. Geriatric depression scale. Psychopharmacol Bull. (1988) 24:709–11.

42. Zelinski EM, Gilewski MJ, Anthony-Bergstone CR. Memory functioning
questionnaire: concurrent validity with memory performance and self-reported
memory failures. Psychol Aging. (1990) 5:388–99. doi: 10.1037/0882-7974.
5.3.388

43. Broadbent DE, Cooper PF, Fitzgerald P, Parkes KR. The cognitive failures
questionnaire (CFQ) and its correlates. Br J Clin Psychol. (1982) 21(Pt 1)1–16.
doi: 10.1111/j.2044-8260.1982.tb01421.x

44. Snitz BE, Yu L, Crane PK, Chang CC, Hughes TF, Ganguli M.
Subjective cognitive complaints of older adults at the population level: an
item response theory analysis. Alzheimer Dis Assoc Disord. (2012) 26:344–51.
doi: 10.1097/WAD.0b013e3182420bdf

45. Gilewski MJ, Zelinski EM, Schaie KW. The memory functioning questionnaire
for assessment of memory complaints in adulthood and old age. Psychol Aging. (1990)
5:482–90. doi: 10.1037/0882-7974.5.4.482

46. Knight RG,Mcmahon J, Green TJ, Skeaff CM. Some normative and psychometric
data for the geriatric depression scale and the cognitive failures questionnaire from a
sample of healthy older persons. NZ J Psychol. (2004) 33:163.

47. Hair Jr JF, Matthews LM, Matthews RL, Sarstedt M. PLS-SEM or CB-SEM:
updated guidelines on which method to use. Int J Multivariate Data Analysis. (2017)
1:107–23. doi: 10.1504/IJMDA.2017.10008574

48. Wilson AA, Garcia A, Jin L, Houle S. Radiotracer synthesis from [11C]-
iodomethane: a remarkably simple captive solvent method. Nucl Med Biol. (2000)
27:529–32. doi: 10.1016/S0969-8051(00)00132-3

49. Cohen AD, Price JC, Weissfeld LA, James J, Rosario BL, Bi W, et al.
Basal cerebral metabolism may modulate the cognitive effects of Abeta in mild
cognitive impairment: an example of brain reserve. J Neurosci. (2009) 29:14770–8.
doi: 10.1523/JNEUROSCI.3669-09.2009

50. Woods RP, Mazziotta JC, Cherry SR. MRI-PET registration
with automated algorithm. J Comput Assist Tomogr. (1993) 17:536–46.
doi: 10.1097/00004728-199307000-00004

51. Price JC, Klunk WE, Lopresti BJ, Lu X, Hoge JA, Ziolko SK, et al.
Kinetic modeling of amyloid binding in humans using PET imaging and
Pittsburgh Compound-B. J Cereb Blood Flow Metab. (2005) 25:1528–47.
doi: 10.1038/sj.jcbfm.9600146

52. Meltzer CC, Zubieta JK, Links JM, Brakeman P, Stumpf MJ, Frost JJ.
MR-based correction of brain PET measurements for heterogeneous gray
matter radioactivity distribution. J Cereb Blood Flow Metab. (1996) 16:650–8.
doi: 10.1097/00004647-199607000-00016

53. Meltzer CC, Smith G, Price JC, Reynolds III CF, Mathis CA, Greer P, et al.
Reduced binding of [18F] altanserin to serotonin type 2A receptors in aging:
persistence of effect after partial volume correction. Brain Res. (1998) 813:167–71.
doi: 10.1016/S0006-8993(98)00909-3

54. Meltzer CC, Cantwell MN, Greer PJ, Ben-Eliezer D, Smith G, Frank G, et al.
Does cerebral blood flow decline in healthy aging? A PET study with partial-volume
correction. J Nucl Med. (2000) 41:1842–8.

55. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but
systematic correlations in functional connectivity MRI networks arise from subject
motion. Neuroimage. (2012) 59:2142–54. doi: 10.1016/j.neuroimage.2011.10.018

56. Nichols TE, Holmes AP. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum Brain Mapp. (2002) 15:1–25.
doi: 10.1002/hbm.1058

57. Eklund A, Nichols TE, Knutsson H. Cluster failure: why fMRI inferences for
spatial extent have inflated false-positive rates. Proc Natl Acad Sci U S A. (2016)
113:7900–5. doi: 10.1073/pnas.1602413113

58. Newsome RN, Trelle AN, Fidalgo C, Hong B, Smith VM, Jacob A, et al.
Dissociable contributions of thalamic nuclei to recognition memory: novel evidence
from a case of medial dorsal thalamic damage. Learn Mem. (2017) 25:31–44.
doi: 10.1101/lm.045484.117

59. Pergola G, Danet L, Pitel A-L, Carlesimo GA, Segobin S, Pariente J, et al.
The regulatory role of the human mediodorsal thalamus. Trends Cogn Sci. (2018)
22:1011–25. doi: 10.1016/j.tics.2018.08.006

60. Ray JP, Price JL. The organization of projections from the mediodorsal nucleus
of the thalamus to orbital and medial prefrontal cortex in macaque monkeys. J Comp
Neurol. (1993) 337:1–31. doi: 10.1002/cne.903370102

61. Klein JC, Rushworth MF, Behrens TE, Mackay CE, De Crespigny AJ, D’arceuil
H, Johansen-Berg H. Topography of connections between human prefrontal cortex
and mediodorsal thalamus studied with diffusion tractography. Neuroimage. (2010)
51:555–64. doi: 10.1016/j.neuroimage.2010.02.062

62. Delevich K, Tucciarone J, Huang ZJ, Li B. The mediodorsal thalamus drives
feedforward inhibition in the anterior cingulate cortex via parvalbumin interneurons.
Journal of Neuroscience. (2015) 35:5743–53. doi: 10.1523/JNEUROSCI.4565-14.2015

63. Aggleton JP, Brown MW. Episodic memory, amnesia, and the hippocampal-
anterior thalamic axis. Behav Brain Sci. (1999) 22:425–44. discussion 444–89.
doi: 10.1017/S0140525X99002034

Frontiers in Psychiatry 10 frontiersin.org

https://doi.org/10.3389/fpsyt.2023.1242822
https://doi.org/10.1016/j.neulet.2006.07.029
https://doi.org/10.1016/j.archger.2009.03.014
https://doi.org/10.1016/j.biopsych.2004.12.031
https://doi.org/10.2174/156720509790147142
https://doi.org/10.1093/geronj/33.2.232
https://doi.org/10.1093/n/afw116
https://doi.org/10.1016/j.psychres.2005.11.011
https://doi.org/10.1080/09084282.2011.643958
https://doi.org/10.1016/j.neuroimage.2006.05.065
https://doi.org/10.1016/j.neulet.2009.07.048
https://doi.org/10.1016/j.neuroimage.2009.11.019
https://doi.org/10.1016/j.jagp.2019.07.008
https://doi.org/10.3233/JAD-201087
https://doi.org/10.1111/j.1532-5415.2011.03543.x
https://doi.org/10.1001/archneurol.2011.666
https://doi.org/10.1212/WNL.43.12.2457
https://doi.org/10.1016/S0010-9452(87)80019-9
https://doi.org/10.3233/JAD-150113
https://doi.org/10.1027/1614-0001.28.3.116
https://doi.org/10.1017/S1041610205001638
https://doi.org/10.1037/0882-7974.5.3.388
https://doi.org/10.1111/j.2044-8260.1982.tb01421.x
https://doi.org/10.1097/WAD.0b013e3182420bdf
https://doi.org/10.1037/0882-7974.5.4.482
https://doi.org/10.1504/IJMDA.2017.10008574
https://doi.org/10.1016/S0969-8051(00)00132-3
https://doi.org/10.1523/JNEUROSCI.3669-09.2009
https://doi.org/10.1097/00004728-199307000-00004
https://doi.org/10.1038/sj.jcbfm.9600146
https://doi.org/10.1097/00004647-199607000-00016
https://doi.org/10.1016/S0006-8993(98)00909-3
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1002/hbm.1058
https://doi.org/10.1073/pnas.1602413113
https://doi.org/10.1101/lm.045484.117
https://doi.org/10.1016/j.tics.2018.08.006
https://doi.org/10.1002/cne.903370102
https://doi.org/10.1016/j.neuroimage.2010.02.062
https://doi.org/10.1523/JNEUROSCI.4565-14.2015
https://doi.org/10.1017/S0140525X99002034
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Mizuno et al. 10.3389/fpsyt.2023.1242822

64. Öztekin I, Mcelree B. Proactive interference slows recognition by
eliminating fast assessments of familiarity. J Mem Lang. (2007) 57:126–49.
doi: 10.1016/j.jml.2006.08.011

65. Göthe K, Oberauer K. The integration of familiarity and recollection information
in short-term recognition: modeling speed-accuracy trade-off functions. Psychol Res.
(2008) 72:289–303. doi: 10.1007/s00426-007-0111-9

66. Jackson MC, Raymond JE. Familiarity enhances visual working
memory for faces. J Exp Psychol Hum Percept Perform. (2008) 34:556–68.
doi: 10.1037/0096-1523.34.3.556

67. Diana RA, Yonelinas AP, Ranganath C. Imaging recollection and familiarity
in the medial temporal lobe: a three-component model. Trends Cogn Sci. (2007)
11:379–86. doi: 10.1016/j.tics.2007.08.001

68. Squire LR, Wixted JT, Clark RE. Recognition memory and the medial temporal
lobe: a new perspective. Nat Rev Neurosci. (2007) 8:872–83. doi: 10.1038/nrn2154

69. Yonelinas AP, Aly M, Wang WC, Koen JD. Recollection and familiarity:
examining controversial assumptions and new directions. Hippocampus. (2010)
20:1178–94. doi: 10.1002/hipo.20864

70. Anderson ND, Ebert PL, Jennings JM, Grady CL, Cabeza R,
Graham SJ. Recollection-and familiarity-based memory in healthy aging
and amnestic mild cognitive impairment. Neuropsychology. (2008) 22:177.
doi: 10.1037/0894-4105.22.2.177

71. Didic M, Barbeau EJ, Felician O, Tramoni E, Guedj E, Poncet M, et al. Which
memory system is impaired first in Alzheimer’s disease? J Alzheimers Dis. (2011)
27:11–22. doi: 10.3233/JAD-2011-110557

72. Koen JD, Yonelinas AP. The effects of healthy aging, amnestic mild cognitive
impairment, and Alzheimer’s disease on recollection and familiarity: a meta-analytic
review. Neuropsychol Rev. (2014) 24:332–54. doi: 10.1007/s11065-014-9266-5

73. Hessen E, Nordlund A, Stålhammar J, Eckerström M, Bjerke M, Eckerström
C, et al. T-tau is associated with objective memory decline over two years in persons
seeking help for subjective cognitive decline: a report from the Gothenburg-Oslo MCI
study. J Alzheimers Dis. (2015) 47:619–28. doi: 10.3233/JAD-150109

74. Chételat G, Villemagne VL, Bourgeat P, Pike KE, Jones G, Ames D, et al.
Relationship between atrophy and β-amyloid deposition in Alzheimer disease. Ann
Neurol. (2010) 67:317–24. doi: 10.1002/ana.21955

75. Buckley R, Saling MM, Ames D, Rowe CC, Lautenschlager NT, Macaulay
SL, et al. Factors affecting subjective memory complaints in the AIBL aging
study: biomarkers, memory, affect, and age. Int Psychogeriatr. (2013) 25:1307–15.
doi: 10.1017/S1041610213000665

76. Verfaillie SC, Timmers T, Slot RE, Van Der Weijden K, Wesselman L, Prins NN,
et al. Amyloid-β load is related to worries, but not to severity of cognitive complaints
in individuals with subjective cognitive decline: the SCIENCe project. Front Aging
Neurosci. (2019) 11:7. doi: 10.3389/fnagi.2019.00007

77. Rabin LA, Smart CM, Amariglio RE. Subjective cognitive decline in
preclinical Alzheimer’s disease. Annu Rev Clin Psychol. (2017) 13:369–96.
doi: 10.1146/annurev-clinpsy-032816-045136

78. Chen X, Farrell ME, Moore W, Park DC. Actual memory as a mediator of the
amyloid-subjective cognitive decline relationship. Alzheimers Dement. (2019) 11:151–
60. doi: 10.1016/j.dadm.2018.12.007

79. Hayes JM, Tang L, Viviano RP, Van Rooden S, Ofen N, Damoiseaux JS. Subjective
memory complaints are associated with brain activation supporting successful memory
encoding. Neurobiol Aging. (2017) 60:71–80. doi: 10.1016/j.neurobiolaging.2017.
08.015

80. Buckley RF, Sikkes S, Villemagne VL, Mormino EC, Rabin JS, Burnham
S, et al. Using subjective cognitive decline to identify high global amyloid in
community-based samples: a cross-cohort study. Alzheimers Dement. (2019) 11:670–8.
doi: 10.1016/j.dadm.2019.08.004

81. Liang L, Zhao L, Wei Y, Mai W, Duan G, Su J, et al. Structural and functional
hippocampal changes in subjective cognitive decline from the community. Front Aging
Neurosci. (2020) 12:64. doi: 10.3389/fnagi.2020.00064

82. Rabin LA, Wang C, Mogle JA, Lipton RB, Derby CA, Katz MJ.
An approach to classifying subjective cognitive decline in community-
dwelling elders. Alzheimers Dement. (2020) 12:e12103. doi: 10.1002/dad2.
12103

83. Nakhla MZ, Cohen L, Salmon DP, Smirnov DS, Marquine MJ, Moore
AA, et al. Self-reported subjective cognitive decline is associated with global
cognition in a community sample of Latinos/as/x living in the United States.
J Clin Exp Neuropsychol. (2021) 43:663–76. doi: 10.1080/13803395.2021.19
89381

Frontiers in Psychiatry 11 frontiersin.org

https://doi.org/10.3389/fpsyt.2023.1242822
https://doi.org/10.1016/j.jml.2006.08.011
https://doi.org/10.1007/s00426-007-0111-9
https://doi.org/10.1037/0096-1523.34.3.556
https://doi.org/10.1016/j.tics.2007.08.001
https://doi.org/10.1038/nrn2154
https://doi.org/10.1002/hipo.20864
https://doi.org/10.1037/0894-4105.22.2.177
https://doi.org/10.3233/JAD-2011-110557
https://doi.org/10.1007/s11065-014-9266-5
https://doi.org/10.3233/JAD-150109
https://doi.org/10.1002/ana.21955
https://doi.org/10.1017/S1041610213000665
https://doi.org/10.3389/fnagi.2019.00007
https://doi.org/10.1146/annurev-clinpsy-032816-045136
https://doi.org/10.1016/j.dadm.2018.12.007
https://doi.org/10.1016/j.neurobiolaging.2017.08.015
https://doi.org/10.1016/j.dadm.2019.08.004
https://doi.org/10.3389/fnagi.2020.00064
https://doi.org/10.1002/dad2.12103
https://doi.org/10.1080/13803395.2021.1989381
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Low thalamic activity during a digit-symbol substitution task is associated with symptoms of subjective cognitive decline
	Introduction
	Methods
	Participants
	Neuropsychological battery and SCD measures
	PET data acquisition
	PET data analyses
	MRI data acquisition
	In-scanner digit-symbol substitution task
	MRI image processing
	Statistical analysis

	Results
	Discussion
	Limitations
	Summary
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


