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Abstract

Objective: Determine the alpha desynchronization changes during cognitive 

challenge in pre-symptomatic AD individuals and their linkage to heart rate to 

better predict early AD risk. 

Methods: We used quantitative electroencephalography (qEEG) to investigate 

brain activities during resting state and Stroop interference testing at low load 

(congruent trials) and high load conditions (incongruent trials) in cognitively healthy

(CH) elderly participants. Participants fit one of two subgroups from cerebrospinal 

fluid (CSF) proteins: with normal amyloid/tau ratio (CH-NAT, n = 20) or pathological 

amyloid/tau ratio (CH-PAT, n = 21). Alpha event-related desynchronization (ERD) 

and alpha spectral entropy (SE) by quantitative EEG were compared. We explored 

the relations between alpha ERD with heart rate and estimated cognitive reserve.

Results: Alpha power during resting state did not change between groups . 

Compared to CH-NATs, CH-PATs have more negative occipital alpha power, and 

higher frontal and occipital alpha SE during congruent trials, both indicating 

hyperactivity. CH-PATs have less frontal SE changes from congruent to incongruent 

trials, indicating they have insufficient cognitive resource in response to the higher 

interference load. Correlations of alpha ERD with heart rate and cognitive reserve 

were significant in CH-PATs, but not CH-NATs. 

Interpretation: Our study suggests Stroop challenge reveals compensatory hyper-

excitability and insufficient brain-heart resources in pre-symptomatic AD. 

Abbreviations: 

AD: Alzheimer’s disease; CH-NATs: cognitively healthy with normal amyloid/tau ratio; CH-
PATs: cognitively healthy with pathological amyloid/tau ratio; EEG: electroencephalography; 
ERD: event-related desynchronization; SE: spectral entropy.  
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Introduction

Neuropathology and biomarkers of Alzheimer’s disease (AD) have demonstrated that 

pathology (amyloid/tau) precedes cognitive impairment by decades1, 2. With the lack of 

effective AD treatment, current efforts to recognize early pathology and predict clinical 

onset in late onset AD are an area of active research3. The research framework from the 

recent US National Institute on Aging–Alzheimer’s Association (NIA-AA) focuses on early 

AD diagnosis, and encourages investigating the interaction among pathology (amyloid/tau 

biomarkers and genotype) and cognitive symptoms4. Subtle systemic dysfunctions provide

an alternative opportunity for biomarker (amyloid/tau) detection in pre-symptomatic AD. 

Therefore, non-invasive, easy applicable, and inexpensive approaches to classify pre-

symptomatic AD are the focus of our study.  

Electrophysiological approaches have potential to understand how neurodegeneration 

affects the pre-symptomatic stage of AD. Electroencephalography (EEG) has revealed 

altered occipital alpha frequency in progressive MCI or AD5, 6. Using quantitative EEG 

(qEEG), alpha event-related desynchronization (ERD) reflects brain activation in response 

to stimuli 7 and relates to “neural efficiency”8. Alpha spectral entropy (SE) quantifies signal

complexity of power density in the alpha band9, 10. Pre-symptomatic AD individuals 

demonstrated compromised alpha ERD and alpha SE during working memory testing, 

indicating hyper-excitability11. Since working memory is related to Stroop interference 

processing12, we predict that altered alpha ERD and SE during Stroop interference will 

reveal individuals with pre-symptomatic AD pathology.   

Previous studies by us and others demonstrated decreased inhibitory control in AD, using 

Stroop interference testing13-15. Pre-symptomatic AD individuals have impaired behavioral 

performance during the Stroop task, but how their interference processing change 
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remains unknown. Our goal is to test whether alpha ERD and SE during an Stroop 

interference challenge can detect pre-symptomatic AD individuals1, 2. 

We expect that systemic physiological measures such as heart rate, will be affected by 

underlying neurodegeneration16. Heart rate reflects the balance between acceleratory 

sympathetic and inhibitory parasympathetic nerves activities, and is regulated by the 

neurovisceral network, eg. amygdala and hypothalamus that are inhibited by the 

prefrontal cortex (PFC)17-20. Resting heart rate is related to cognitive decline in a large 

cohort study21 and heart rate increases on cognitive challenge, reflecting brain-heart 

responses to cognitive load22. Since pre-symptomatic AD individuals show mildly impaired 

executive functions11, 14, we predict that their heart rate will be dysregulated by pathology 

of the PFC-amygdala network and correlate with changes in frontal alpha ERD.

This study uses cognitive challenge with objective measures of both central (qEEG) and 

peripheral (heart rate) nervous systems to understand systemic cognitive dysfunction in 

pre-symptomatic AD. Though these pioneering studies need to be replicated and extended

to other and larger populations and with longitudinal assessment, these results provide a 

template strategy and objective measures to detect pre-symptomatic AD that correlate 

with invasive biomarkers (CSF amyloid/tau), and to assess potential preventive treatments

for cognitively unimpaired individuals: treatment that improves the alpha ERD, SE, and 

heart rate will predict benefit, while no effect will predict treatment failure.
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Participants and Methods

Participants 

Fifty cognitively healthy elderly participants were initially recruited from advertisements 

placed in local newspapers and newsletters, from the Pasadena Huntington Hospital Senior

Health Network, the Pasadena Senior Center, and from meetings with local physicians 

where we presented this research. Participants were then further divided depending on 

individual CSF Aβ/tau ratios compared to a cutoff value derived from a logistic regression 

model that correctly diagnosed >85% of clinically probable AD participants. We applied 

this regression to cognitively healthy (CH) seniors, which separated two groups with either

normal CSF Aβ/tau ratio (CH-NATs) or pathological Aβ/tau ratio (CH-PATs)14. We have 

shown that CH-PATs are at higher risk for cognitive decline and are pre-symptomatic AD23. 

Twenty CH-NATs and twenty-one CH-PATs were included to match the education level. All 

participants signed consent in an Institutional Review Board (IRB) approved protocol (HMRI

# 33797). Assessments included collection of demographic data, physical exam, fasting 

blood studies, disease severity and disability scales, and CSF amyloid/tau measurements14.

Participants with any cognitive impairment, i.e., global clinical dementia rating scale (CDR)

scores > 0.0, were excluded. Only participants who had a Uniform Data Set (UDS-3) 

format examination with no classifiable psychiatric or neurological disorder were 

diagnosed as CH and enrolled in this study. 

Procedures 

Study participants were seated in a quiet room and were first asked, during resting state 

baseline measures, to “sit still” and “empty their minds” for 5 minutes with eyes open 

(eyes fixed at the DELL sign on the bottom of the dark screen), and then for 5 minutes 

with eyes closed. 
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We administered the Stroop interference test using E-prime software (Psychology Software

Tools, Inc., Sharpsburg PA) on a Dell Precision T5610 with a 20” screen. Participants were 

comfortably seated before the computer screen. One of the three colored words ‘Red’, 

‘Blue,’ or ‘Green’ presented on the screen one at a time in three different colors (red color,

blue color, or green color). The ink color and word denote can be congruent (“C”, eg. ‘Red’

in red ink), or incongruent (“I”, e. ‘Red’ in blue ink). Participants were instructed to 

respond to the color of the ink and ignore the word: press ‘1’ for ‘red’, ‘2’ for ‘blue’, and ‘3’

for ‘green’. Participants took the Stroop testing after a practice run of 2-3 minutes. Each 

test includes 3 blocks of 110 trials and the entire task took about 20 minutes to complete, 

depending on each participant’s performance. 

EEG recordings

Online EEG data were collected during resting state or during the Stroop challenge as 

previously described24. Briefly, a 21-head-sensor, dry electrode system (Quasar Wearable 

Sensing, DSI-24, San Diego, CA)  was used to collect EEG signals, and sensor configuration

following the international 10–20 system and were placed approximately at the locations 

(Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2, M1, and M2. The

EEG signals were sampled at 300 Hz, and bandpass filtered between 0.003–150Hz. To help

signal processing, electrooculographic (EOG), electrocardiographic (ECG), and 

electromyography (EMG) on the right forearm activities were recorded by three auxiliary 

sensors. A trigger channel encoded the time of color-word stimuli onset, the participants’ 

responses, and the type of test (C or I) for further analysis. 

Behavioral and EEG Data Processing 

A researcher performed all behavioral and EEG data collection and processing without 

knowledge of CH-NAT/CH-PAT status. The behavioral performances were described and 
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compared by accuracy (ACC) and response time (RT): we define ACC as the percentage of 

correctly responded trials out of the total trials; RT as the duration from stimulus onset to 

participant’s response. 

We analyzed all dataset in EEGLAB version eeglab14_1_0b25 running in MATLAB R2016b 

(The MathWorks, USA) and custom codes developed in-house. The continuous EEG 

recordings were segmented into epochs of 1500 ms duration during eyes closed for 

resting state, or using the stimulus onset as a reference during Stroop (500 ms before and 

1000 ms after). Preprocessing and time-frequency analyses were performed as previously 

described24. Briefly, epochs were filtered between 2 and 30 Hz, and independent 

component analysis (ICA)25 was used to remove eye blinks and cardiac and other muscle 

artifacts. Large artifact activity greater than three standard deviations (SDs) from the 

mean of a specific sensor, were rejected. For time-frequency  analysis, epoched EEG data 

were decomposed with logarithmic scaling between 2 and 30 Hz by fast Fourier transform 

and Morlet wavelet [ei2πtf e−t2 / 2σ2

] convolution in the frequency domain, followed by the 

inverse fast Fourier transform26, 27. Power values were normalized by decibels to the 

baseline power from -400 to -100 ms pre-stimulus at each frequency band [

dBpower=10∗log10 ( power
baseline

)]. Based on the TF plots and published data28-30, alpha 

ERD (range 200-500 ms, 8-15 Hz) were then extracted for comparison across sensors, 

participants, and groups. This was done separately for each sensor, condition, and 

participant. In order to exclude individual processing speed differences, percentage of 

alpha ERD change from C to I trials were also compared. 

Besides alpha ERD, other frequency bands, such as delta, theta, and beta bands, are also 

reported to be important for Stroop interference processing 31. Therefore, we compared 
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delta (2-4), theta (4–8 Hz), alpha (8–15 Hz), and beta (15–30 Hz) bands at the early [0 to 

500] ms window (except alpha at [200 to 500] ms) or late [500 to 1000] ms window 

between CH-NAT and CH-PAT participants. 

Spectral entropy (SE) analysis

We calculated alpha SE for baseline EEG using the [-400 to -100] ms time window 

during Stroop test trials, and alpha SE for active (ERD) EEG using the [200-500] ms 

time window. The SE was calculated at each time point in the respective temporal 

windows of each EEG channel using the following formula:

SE=
1

ln (N )
∑
f i=f 1

f 2

Pn(f i) ln(
1

Pn (f i ) ) 
32, where N is the number of frequency components in

the [f1 f2] range, with f1 and f2 being the lower (8 Hz) and upper (15 Hz) limit of the

alpha frequency band respectively, and Pn (f i ) is the normalized power spectrum. 

Heart rate 

The researcher asked participants to maintain a relaxed sitting position in the chair, and 

measured their heart rate, systolic pressure, and diastolic pressure using a 

sphygmomanometer (MODEL: HEM-790IT, Omeron Healthcare, Inc) after the Stroop 

testing. Measurements also include resting heart rate at a different visit. 

Cognitive reserve  and neuropsychology tests

We calculated cognitive reserve from proxies of verbal IQ and education years. Both 

verbal IQ and education years were calculated for Z-scores for the recruited population, 

which were then averaged for cognitive reserve.  MMSE-7andMoCA were measured by 

standard questionnaire14. 
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Statistical methods 

Alpha power measurements were analyzed by averaging individual sensors within and 

across participants to derive statistics. We compared group  differences on participant 

baseline characteristics using two-sided t-tests, or Fisher’s exact test. We summarized 

alpha power and alpha SE statistics for 6 regions24, 33: frontal or F (Fz, F3, F4), central or C 

(Cz, C3, C4), parietal or P (Pz, P3, P4), left temporal or LT (F7, T3, T5), right temporal or RT 

(F8, T4, T6), and occipital or O (O1, O2). The strength of associations between EEG 

spectral power with other measurements from same individuals (heart rate, cognitive 

reserve, etc.) were assessed as slope factors, determined using linear regression methods 

and correlation coefficients, and p values were computed. Receiver operating 

characteristic (ROC) curves were performed to determine if brain and heart parameters 

can classify CH-NAT and CH-PAT participants. Analyses were done using PRISM v6.07 

(GraphPad), excel (Office 2013), or MATLAB 2016b. Since this was an exploratory study, a 

significance level of 0.05 was used for all tests. 
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Results

Study participant demographics 

Cognitively healthy participants with normal Aβ/tau ratios (CH-NAT, n=20), and abnormal 

Aβ/tau ratios (CH-PAT, n=21), were matched by age, gender, education, and handedness 

(Table 1), 

Behavioral Performance (ACC and RT) 

For the congruent and incongruent trials, neither ACC nor RT were significantly different 

between the CH-NAT and CH-PAT participants (Table 2). RT during incongruent trials was 

longer than that during congruent trials for both groups (p<0.001). Accuracy during 

incongruent groups was lower than that during congruent trials for both CH-NATs and CH-

PATs (p<0.01). 

Time-Frequency Plots 

Figure 1 shows a general fronto-posterior distribution of alpha ERD during the Stroop test, 

in the  comparison (CH-NAT vs. CH-PAT) in time-frequency plots of mean power of EEG in 

the sagittal plane at the frontal, central, parietal, and occipital regions of the brain. 

Despite “normal” behavioral performance measures (Table 2), total power of alpha ERD, in

the white box in the occipital region (congruent trials), was significantly greater (more 

negative, blue color) (200~500 ms, 8-15 Hz)  in the CH-PAT group compared to age-

matched CH-NATs, indicated by the arrows in Figure 1. 

Alpha baseline values

We compared CH-NAT and CH-PAT participants on time-frequency plots for mean alpha 

power during resting, as well as during congruent and incongruent trial baselines. Our 
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analysis suggests that alpha power was comparable between CH-NATs and CH-PATs, 

during resting, and baseline of congruent  and incongruent trials (data not shown). 

Alpha ERD differences during cognitive challenge

During congruent trials, alpha ERD was lower in CH-PAT than CH-NAT in the occipital 

region (p=0.024) and marginally lower in CH-PATs in the right temporal region (p=0.059, 

Fig 2, Table 3a). During incongruent trials, no different alpha ERD was seen between 

groups (Fig 2 and Table 3b). 

Alpha SE differences during cognitive challenge

Congruent trials revealed a higher alpha SE (active ERD windows) in the CH-PATs 

compared to CH-NATs in the frontal and occipital regions (p=0.042 and 0.039, 

respectively); incongruent trials revealed no differences between CH-NAT and CH-PAT 

groups (Fig 3 and Table 4). Comparing the congruent to incongruent trials, alpha SE in CH-

NATs was higher than in CH-PATs at the frontal region (p=0.012) (Fig 3, right column; 

Table 4c). 

Alpha ERD during cognitive challenge and heart rate by groups 

Alpha ERD correlated with heart rate during congruent trials at frontal, central, left 

temporal, right temporal, and occipital region for CH-PATs (p=0.001~0.029, 

r=0.48~0.66), but this was minimal for CH-NATs at the right temporal region 

(p=0.047, r=-0.49). Correlations during incongruent trials for CH-PATs were more 

significant (p<0.0005~0.007, r=0.57~0.78), but minimal for CH-NATs at central and

left temporal regions (p=0.021~0.031, r=-0.55~-0.52) (Fig 4). 
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Alpha ERD during cognitive challenge and cognitive reserve correlation by 

groups

Alpha ERD correlated with cognitive reserve during incongruent trials at F, LT, RT, 

and occipital regions for CH-PATs (p=0.001, r=0.66 for F), but not for CH-NATs. 

Neither groups show correlations during congruent trials (Fig 5). Cognitive reserve 

correlated with alpha SE during incongruent trials at F, C, LT, and occipital regions 

for CH-PATs (p=0.007, r=-0.57 for F), but not CH-NATs. Neither groups show 

correlations during congruent trials (Fig 5E-H).

ROC curves

We examined how well combined brain and heart parameters classify CH-PATs from CH-

NATs. Alpha ERD at the occipital region during congruent trials is a significant classifier of 

two groups (p<0.05, AUC=0.69). Although not significant by themselves, adding cognitive 

reserve, MoCA, and heart rate improves the classification accuracy of alpha ERD 

(p=0.0048, AUC=0.76) (Fig 6A-B).

Explorations of other low frequency spectral power by groups

Delta, theta, alpha, and beta power at early (before 500ms) and late (500-1000ms) 

windows during Stroop testing were compared. Details are shown in supplementary table 

(Tables S1a&b). 

Spectral power correlates with behavioral responses (RT and ACC) by groups

The correlation between participants’ spectral power and RT and ACC for different trials 

sre shown in supplementary tables (Tables S2a&b).

Spectral power correlates with heart rate, CSF amyloid, Tau, and MMSE-7
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The correlations between participants’ EEG spectral power and heart rate, CSF amyloid, 

total Tau, and MMSE-7 for congruent and incongruent trials are shown in supplementary 

tables (Tables S3a&b). 
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Discussion

Our study demonstrates that Stroop challenge reveals subtle changes in pre-symptomatic 

AD and supports our two predictions: First, despite similar behavioral responses, alpha 

ERD was more negative at the occipital region in CH-PATs during a low interference load, 

indicating hyperactivities; alpha SE changes from low to high interference load at the 

frontal region are lower in CH-PATs, indicating they have insufficient cognitive resource in 

response to the higher interference load. The capability of qEEG to differentiate the pre-

symptomatic AD individuals highlights the importance of the qEEG data in revealing the 

underlying susceptibility that we report for participants with the AD biomarkers of 

abnormal CSF amyloid/tau. We emphasize the veracity of our qEEG in this paradigm, since

the RTs (600~1000 ms) of our particpants are consistent with the reported range for 

computerized Stroop testing34, and both groups exhibited the expected Stroop effects with

longer RT during incongruent than congruent trials. Second, there are significant 

correlations between alpha ERD with heart rate in CH-PATs compared to CH-NATs. Thus, 

we report that quantitative measures of brain functions during a simple cognitive 

“interference” challenge linked to peripheral physiology (heart functions) and cognitive 

reserve, which reflect systemic physiological changes related to pre-symptomatic AD 

pathology. 

Yield of interference challenge

In comparison to published approaches, our study is novel in both using an early stage of 

AD pathology recognized only by CSF biomarkers, as well as by using cognitive challenge 

(interference) to bring out alterations in dynamic neural responses detected by both qEEG 

and by its link to heart rate and cognitive reserve. A few published studies have examined 

pathophysiology in cognitively healthy individuals with known AD biomarkers, and those 
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that have followed healthy people longitudinally have analyzed the predictive power of the

more established CSF and brain imaging biomarkers1, 2.  We discuss how our results add to

the existing knowledge and why they are important and discuss the limitations and the 

main conclusions of our study. In addition, after finding this new systemic evidence 

including central (qEEG) and peripheral (heart rate) involvement of AD in cognitively 

healthy individuals, we undertook initial studies of their potential interactions with other 

biomarkers, including MMSE, MoCA, and CSF amyloid/tau; we present preliminary findings 

in the Supplementary Tables to stimulate future analyses between these new qEEG and 

heart rate findings and the more widespread interoceptive pathophysiology of AD. 

Context of Previous Work

In the symptomatic stages of AD, studies of MCI and AD patients have reported a 

preponderance of changes in occipital alpha: Bajo et al. demonstrated higher parieto-

occipital synchronization in alpha and beta bands for progressive MCI compared to stable 

MCI5; Dr. Babiloni’s group reported alpha and delta/alpha differences at the occipital 

region between AD and healthy elderly participants6; Occipital hypo-synchronous alpha 

was shown in AD by resting magnetoencephalography (MEG)35; and early AD individuals 

demonstrate frontal hyperactivity36. We interprete our finding of more negative alpha ERD 

in the occipital region with higher alpha SE over the frontal and occipital regions during 

congruent trials as demonstrating compensatory hyperactivity in CH-PATs. This result 

corroborates our previous findings of higher frontal alpha SE during working memory 

testing during low load11, as working memory capacity can predict the Stroop interference 

level34, 37. Our data during low interference load challenge confirmed our hypothesis that 

more negative alpha ERD would be revealed in the occipital region and higher alpha SE 

observed over the frontal and occipital regions in CH-PATs. This frontal and occipital 

hyperactivity seems to be transitory for lower long-distant connections in AD 
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participants38. Additionally, we interpret the lower alpha SE from congruent to incongruent 

trials at the frontal region in CH-PATs to indicate they have insufficient cognitive 

recruitment in response to the challenge with a higher interference load.

Heart rate and alpha ERD are correlated in CH-PATs

Heart rate and resting alpha power are tightly linked to BOLD signals39. Heart rate was 

positively related to cognitive decline in a large scale population study, with odds ratio 

about 1.01-1.0821. In our study, alpha ERD correlated positively with heart rate only in the 

CH-PAT group, reflecting tighter connections between cognitive and systemic efforts in 

response to interference challenges. This tighter connection in CH-PATs compared to CH-

NATs might reflect the reduced influence of PFC on the neurovisceral network20 from 

pathology. That is also consistent with the frontal dysfunction reported in pre-symptomatic

AD11. The decreased prefrontal cortex influence on CH-PATs may be related to autonomic 

strain, or to compromised connections between prefrontal cortex and amygdala or 

hypothalamus17,18,20,19. However, the direct link between frontal cortex and heart rate 

regulation in pre-symptomatic AD needs further investigation. 

Furthermore, those CH-PAT individuals with more negative alpha ERD show lower heart 

rate, reflecting an unmatched oxygen supply with increasing demand. This could reflect an

energy conflict between oxygen demand versus supply in CH-PATs, which could further 

burden neural efficiency, with more negative alpha ERD reflecting an insufficient 

neurovisceral system in pre-symptomatic AD. 

Cognitive reserve and alpha ERD are correlated in CH-PATs

Cognitive reserve has been used to account for cognitive performance variabilities. To our 

knowledge, there are no other studies correlating cognitive reserve with alpha ERD. 

Cognitive reserve can be estimated by proxies of education years and verbal IQ40. Higher 
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cognitive reserve was associated with more effective strategies in the executive task41 and

with lower levels of cardiovascular disease (white matter hyperintensities), which may 

offer resilience to other pathologies42. We interpret the alpha ERD correlation with 

cognitive reserve that we find only in CH-PATs during incongruent trials to indicate a strain

on cognitive reserve by the high load interference challenge. Interestingly, those CH-PATs 

with higher cognitive reserve have better alpha ERD values (less negative), indicating a 

better neural efficiency, similar to that for the CH-NAT group. Although spectral entropy is 

not different between the two groups during incongruent trials, the correlation with 

cognitive reserve is only significant (negatively) in CH-PATs: those CH-PATs with higher 

cognitive reserve used less alpha SE for high load incongruent trials, again indicating 

higher neural efficiency with less resources used for the task, results that are consistent 

with our interpretation of the alpha ERD results. This interpretation, therefore, suggests 

that cognitive reserve may improve neural function (higher ERD and lower SE) when CSF 

amyloid/tau levels are abnormal to protect the CH-PATs from the toxic effects and help 

maintain normal neural efficiency. This interpretation supports the widely reported 

protection effect from education43. We used the commonly used cognitive reserve 

calculation from verbal IQ and education years; adding factors such as occupational 

complexity, physical activity, leisure activities, etc., may further improve this type of 

analysis40.   

In sum, during resting or real life (when only behavioral responses were observed), the 

limited brain-heart resources are difficult to be identified in CH-PATs. However, like the 

physical treadmill test to diagnose coronary disease , the insufficient brain-heart resources

in pre-symptomatic AD can be brought out at the early stage by increasing cognitive load: 

low interference load induces hyper-excitability (occipital or frontal), and high interference

load reveals insufficient cognitive resource to support performance. 
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Conclusions

Stroop testing combined with qEEG in a cross-sectional study revealed that interference 

processing is compromised in cognitively healthy individuals with AD pathology defined by

CSF amyloid/tau levels. Our results show that alpha ERD correlates with measurements of 

heart rate, cognitive reserve, and other AD related measures in individuals with pre-

symptomatic AD pathology. We demonstrate for the first time that insufficient brain-heart 

resources in pre-symptomatic AD individuals are revealed by interference Stroop testing, 

and is likely a transitory stage to further deterioration. We propose that treatment 

strategies to improve cognitive reserve and cardiovascular health at the pre-symptomatic 

stage of AD may attenuate neurodegeneration44.Cognitive challenge with Stroop testing 

combined with qEEG and systemic physiological measures have valuable screening 

potential to differentiate pre-symptomatic AD from normal aging and offer useful tools to 

monitor and guide new therapies.

Limitations, clinical implications, and future studies

There are limitations to this study. First, the investigation was exploratory, and our 

participants from the local Pasadena area were mainly Caucasian with higher 

socioeconomic status. Our work needs to be repeated in a larger and more mixed 

populationand from other locations. With longitudinal follow up, potential biomarkers can 

be calculated to set standards for clinical screening. In addition, Stroop interference does 

not include the common conflicts in real life (eg. left vs. right), but the computerized 

testing with EEG provide objective measures of the compromised oscillatory component 

behind interference processing. Future studies can incorporate different interference 

factors, such as the Simon effect45. Finally, more participants are female than male, both 

for CH-NATs and CH-PATs, which may reflect greater altruism or greater resilience in 
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females for aging. Our study can exclude age-related general slowing effects as a 

potential concern, since we have two groups with similar age range and can be further 

excluded by our findings of SE change from congruent to incongruent trials46. Given these 

limitations, our findings regarding alpha ERD and alpha SE during Stroop task performance

provide new insight to early AD pathology and should encourage further research. 
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Figure legends

Fig 1. Time-frequency plots (F, C, P, and O regions) of mean Stroop test. 

3D plot with time reference to stimulus onset (x axis in ms), frequency (y axis in 

Hz), and power (color scale in dB units). The rectangle indicates the representative 

alpha ERDs (200~500 ms, 8~15 Hz) that was compared between CH-NAT and CH-

PAT groups in frontal, central, parietal, and occipital regions. Alpha ERDs were lower

in CH-PAT (-2.11+/-1.32, N=21) vs. CH-NAT (-1.25+/-1.03, N=20) participants in 

occipital region, p=0.024.  Column 1 shows power from F = frontal, column 2 C = 

central, column 3 P = parietal, and column 4 O = occipital, as indicated.

Fig 2. Topoplots of mean alpha ERD during different Stroop interference 

load (congruent trials and incongruent trials), by group. Alpha ERD is in dB 

units based on the colored scale bar on the right; p values are on the bottom row 

based on the pink scale bar on the right of each plot. Alpha ERD during congruent 

(C, left column) and incongruent (I, right column) were shown for CH-NAT (row 1), 

CH-PATs (row 2), and for p values of group comparisons (row 3). 

Fig 3. Topoplots of mean alpha SE during active ERD window for C and I 

trials, and changes from C to I trials, by group. Alpha SE was shown in values 

based on the colored scale bar on the right (top two rows); p values were shown on 

the bottom row based on the pink scale bar. Alpha SE during C (left column) and I 

(middle column) and C to I percentage changes (right column) were shown for CH-

NAT (top row), CH-PATs (middle row), and p values of group comparisons (bottom 

row). 

Fig. 4. Correlation of alpha desynchronization with heart rate by groups. 

The correlation (p-values and correlation coefficient r values) of alpha ERD and 
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heart rate for CH-NATs and CH-PATs are shown in the topo map during congruent 

(A) and incongruent (B) trials. Correlation of frontal alpha ERD with heart rate for 

CH-NATs (green circles) and CH-PATs (red crosses) are shown during congruent (C) 

and incongruent (D) trials, corresponding p and r values, are shown when 

significant. 

Fig 5. Correlation of alpha ERD with cognitive reserve by groups. The 

correlation of alpha ERD and cognitive reserve for CH-NATs and CH-PATs for all 6 

brain regions are shown in color map during congruent (A) and incongruent (B) 

trials. Color indicates r values, *: p<0.05; **: p<0.01. Frontal alpha ERD correlation 

details are shown for CH-NATs (green circle) and CH-PATs (red cross) during 

congruent (C) and incongruent (D) trials. For significant correlation (p<0.05), p and 

r values are shown in corresponding colors (p=0.001, r=0.66 for CH-PATs during 

incongruent trials). The correlation of cognitive reserve and alpha SE by groups for 

brain regions are shown in color map during congruent (E) and incongruent (F) 

trials. Color indicate r values. *: p<0.05, **: p<0.01. Frontal alpha SE correlation 

details are shown for CH-NATs (green circle) and CH-PATs (red cross) during 

congruent (G) and incongruent (H) trials.  

Fig. 6. ROC by brain and heart parameters. Plotting of overlap ROC curves for 

individual alpha desynchronization, cognitive reserve, MoCA, and heart rate (A), or 

ROC curve for combined alpha ERD, cognitive reserve, MoCA, and heart rate (B). 

CH-NAT: cognitively healthy with normal amyloid/tau ratio in cerebrospinal fluid 

(CSF); CH-PAT: cognitively healthy with pathological amyloid/tau ratio in 

cerebrospinal fluid (CSF); cognitive reserve: cognitive reserve; HR: heart rate; 

MoCA:  Montreal Cognitive Assessment; p: Pearson’s correlation p-values; r: 

Pearson’s correlation coefficient r. 
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Tables

Table 1. Baseline characteristics of participants. 

   
CH-NAT
(n = 20)

CH-PAT
(n =
21)

p-
value

Mean Age (SD)
Mean
(SD)

75.1 (7.5)
76.2
(8.4)

0.65&

Gender [n (%)]
Fema
le

15 (75%)
16

(76.2%)
0.99#

  Male 5 (25%)
5

(23.8%)
 

Mean Education 
(SD) (yrs)

  15.7 (2.3)
16.3
(1.9)

0.33&

Handedness [n 
(%)]

R 19 (95%)
19

(90.5%)
0.99#

  L 1 (5%) 2 (9.5%)  
Abbreviations: R/L, right/left-handed; SD, standard 
deviation.
& Two-tailed t-test # Fisher's exact test.

Table 2. Mean (SD) response accuracy (ACC) and response time (RT) in the Stroop test. 
  CH-NAT CH-PAT

Congruent trials    

N 20 21

ACC 0.94 (0.03) 0.94 (0.02)

RT (ms) 784.92 (125.16) 742.66 (98.90)
Incongruent 
trials    

N 20 21

ACC 0.90 (0.04) 0.90 (0.05)

RT (ms) 994.57 (186.64)
952.18

(143.23)

* p <0.05. Two-tail ttest
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Table 3a. Comparison of alpha ERD 
between CH-NAT and CH-PAT during 
congruent trials.

 
CH-NAT (n=20) CH-PAT (n=21)

P
value

  Mean SD Mean SD  
F -1.20 0.68 -1.65 1.32 0.172
C -1.26 0.78 -1.77 1.30 0.131

P -1.23 1.00 -1.77 1.11 0.104

LT -1.17 0.86 -1.74 1.28 0.106
RT -1.10 0.74 -1.68 1.13 0.059
O -1.25 1.03 -2.11 1.32 0.024

Table 3b. Comparison of alpha ERD 
between CH-NAT and CH-PAT during 
incongruent trials.

 
CH-NAT (n=17) CH-PAT (n=21)

P
value

  Mean SD Mean SD  
F -1.39 0.91 -1.68 1.27 0.423
C -1.50 0.96 -1.75 1.25 0.489

P -1.42 1.15 -1.67 1.03 0.485

LT -1.54 0.90 -1.79 1.26 0.473
R
T -1.19 0.75 -1.59 1.12 0.198
O -1.41 1.13 -1.95 1.41 0.193
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Table 4a. Comparison of alpha SE between 
CH-NAT and CH-PAT during congruent trials.

  CH-NAT(n=17) CH-PAT(n=21) P value

  Mean SD Mean SD  

F 0.94 0.03 0.96 0.03 0.042

C 0.94 0.03 0.95 0.04 0.377

P 0.93 0.04 0.95 0.04 0.254

LT 0.93 0.03 0.94 0.03 0.219

RT 0.94 0.03 0.95 0.03 0.144

O 0.93 0.03 0.96 0.03 0.039

Table 4b. Comparison of alpha SE between 
CH-NAT and CH-PAT during incongruent 
trials.

  CH-NAT(n=17)
CH-

PAT(n=21)
P value

  Mean SD Mean SD  

F 0.95 0.02 0.95
0.0
3 0.976

C 0.95 0.03 0.95
0.0
3 0.419

P 0.94 0.03 0.95
0.0
3 0.209

LT 0.95 0.03 0.95
0.0
2 0.589

RT 0.94 0.03 0.95
0.0
3 0.417

O 0.94 0.04 0.96
0.0
3 0.140

Table 4c. Comparison of alpha SE changes 
from congruent to incongruent trials 
((I-C)/C) between CH-NAT and CH-PAT.

  CH-NAT(n=17) CH-PAT(n=21) P value

  Mean SD Mean SD  

F 0.01 0.03 -0.01 0.02 0.012

C 0.01 0.03 0.01 0.03 0.887

P 0.01 0.05 0.01 0.04 0.879

LT 0.02 0.04 0.01 0.03 0.381

RT 0.00 0.05 0.00 0.03 0.509

O 0.01 0.02 0.00 0.02 0.548
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Supplement Table 1. low frequency power comparison between CH-NATs 

and CH-PATs during congruent trials (a) and incongruent trials (b). 

Supplement Table 2. Pearson’s correlation between low frequency power 

during congruent trials (a) or incongruent trials (b) and behavioral 

performance (RT and ACC). 

Supplement Table 3. Pearson’s correlation between low frequency power 

during congruent trials (a) or incongruent trials (b) and other information 

(heart rate, CSF amyloid, CSF tau, MMSE-7). 
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	Participants and Methods
	Participants
	Fifty cognitively healthy elderly participants were initially recruited from advertisements placed in local newspapers and newsletters, from the Pasadena Huntington Hospital Senior Health Network, the Pasadena Senior Center, and from meetings with local physicians where we presented this research. Participants were then further divided depending on individual CSF Aβ/tau ratios compared to a cutoff value derived from a logistic regression model that correctly diagnosed >85% of clinically probable AD participants. We applied this regression to cognitively healthy (CH) seniors, which separated two groups with either normal CSF Aβ/tau ratio (CH-NATs) or pathological Aβ/tau ratio (CH-PATs)���14�. We have shown that CH-PATs are at higher risk for cognitive decline and are pre-symptomatic AD�23�. Twenty CH-NATs and twenty-one CH-PATs were included to match the education level. All participants signed consent in an Institutional Review Board (IRB) approved protocol (HMRI # 33797). Assessments included collection of demographic data, physical exam, fasting blood studies, disease severity and disability scales, and CSF amyloid/tau measurements���14�. Participants with any cognitive impairment, i.e., global clinical dementia rating scale (CDR) scores > 0.0, were excluded. Only participants who had a Uniform Data Set (UDS-3) format examination with no classifiable psychiatric or neurological disorder were diagnosed as CH and enrolled in this study.
	Procedures
	Study participants were seated in a quiet room and were first asked, during resting state baseline measures, to “sit still” and “empty their minds” for 5 minutes with eyes open (eyes fixed at the DELL sign on the bottom of the dark screen), and then for 5 minutes with eyes closed.
	We administered the Stroop interference test using E-prime software (Psychology Software Tools, Inc., Sharpsburg PA) on a Dell Precision T5610 with a 20” screen. Participants were comfortably seated before the computer screen. One of the three colored words ‘Red’, ‘Blue,’ or ‘Green’ presented on the screen one at a time in three different colors (red color, blue color, or green color). The ink color and word denote can be congruent (“C”, eg. ‘Red’ in red ink), or incongruent (“I”, e. ‘Red’ in blue ink). Participants were instructed to respond to the color of the ink and ignore the word: press ‘1’ for ‘red’, ‘2’ for ‘blue’, and ‘3’ for ‘green’. Participants took the Stroop testing after a practice run of 2-3 minutes. Each test includes 3 blocks of 110 trials and the entire task took about 20 minutes to complete, depending on each participant’s performance.
	EEG recordings
	Online EEG data were collected during resting state or during the Stroop challenge as previously described���24�. Briefly, a 21-head-sensor, dry electrode system (Quasar Wearable Sensing, DSI-24, San Diego, CA) was used to collect EEG signals, and sensor configuration following the international 10–20 system and were placed approximately at the locations (Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2, M1, and M2. The EEG signals were sampled at 300 Hz, and bandpass filtered between 0.003–150Hz. To help signal processing, electrooculographic (EOG), electrocardiographic (ECG), and electromyography (EMG) on the right forearm activities were recorded by three auxiliary sensors. A trigger channel encoded the time of color-word stimuli onset, the participants’ responses, and the type of test (C or I) for further analysis.
	Behavioral and EEG Data Processing
	A researcher performed all behavioral and EEG data collection and processing without knowledge of CH-NAT/CH-PAT status. The behavioral performances were described and compared by accuracy (ACC) and response time (RT): we define ACC as the percentage of correctly responded trials out of the total trials; RT as the duration from stimulus onset to participant’s response.
	We analyzed all dataset in EEGLAB version eeglab14_1_0b�25� running in MATLAB R2016b (The MathWorks, USA) and custom codes developed in-house. The continuous EEG recordings were segmented into epochs of 1500 ms duration during eyes closed for resting state, or using the stimulus onset as a reference during Stroop (500 ms before and 1000 ms after). Preprocessing and time-frequency analyses were performed as previously described���24�. Briefly, epochs were filtered between 2 and 30 Hz, and independent component analysis (ICA)�25� was used to remove eye blinks and cardiac and other muscle artifacts. Large artifact activity greater than three standard deviations (SDs) from the mean of a specific sensor, were rejected. For time-frequency analysis, epoched EEG data were decomposed with logarithmic scaling between 2 and 30 Hz by fast Fourier transform and Morlet wavelet [] convolution in the frequency domain, followed by the inverse fast Fourier transform���26, 27�. Power values were normalized by decibels to the baseline power from -400 to -100 ms pre-stimulus at each frequency band []. Based on the TF plots and published data���28-30�, alpha ERD (range 200-500 ms, 8-15 Hz) were then extracted for comparison across sensors, participants, and groups. This was done separately for each sensor, condition, and participant. In order to exclude individual processing speed differences, percentage of alpha ERD change from C to I trials were also compared.
	Besides alpha ERD, other frequency bands, such as delta, theta, and beta bands, are also reported to be important for Stroop interference processing ���31�. Therefore, we compared delta (2-4), theta (4–8 Hz), alpha (8–15 Hz), and beta (15–30 Hz) bands at the early [0 to 500] ms window (except alpha at [200 to 500] ms) or late [500 to 1000] ms window between CH-NAT and CH-PAT participants.
	Spectral entropy (SE) analysis
	Heart rate
	The researcher asked participants to maintain a relaxed sitting position in the chair, and measured their heart rate, systolic pressure, and diastolic pressure using a sphygmomanometer (MODEL: HEM-790IT, Omeron Healthcare, Inc) after the Stroop testing. Measurements also include resting heart rate at a different visit.
	Cognitive reserve and neuropsychology tests
	We calculated cognitive reserve from proxies of verbal IQ and education years. Both verbal IQ and education years were calculated for Z-scores for the recruited population, which were then averaged for cognitive reserve. MMSE-7 and MoCA were measured by standard questionnaire���14�.
	Statistical methods
	Alpha power measurements were analyzed by averaging individual sensors within and across participants to derive statistics. We compared group differences on participant baseline characteristics using two-sided t-tests, or Fisher’s exact test. We summarized alpha power and alpha SE statistics for 6 regions���24, 33�: frontal or F (Fz, F3, F4), central or C (Cz, C3, C4), parietal or P (Pz, P3, P4), left temporal or LT (F7, T3, T5), right temporal or RT (F8, T4, T6), and occipital or O (O1, O2). The strength of associations between EEG spectral power with other measurements from same individuals (heart rate, cognitive reserve, etc.) were assessed as slope factors, determined using linear regression methods and correlation coefficients, and p values were computed. Receiver operating characteristic (ROC) curves were performed to determine if brain and heart parameters can classify CH-NAT and CH-PAT participants. Analyses were done using PRISM v6.07 (GraphPad), excel (Office 2013), or MATLAB 2016b. Since this was an exploratory study, a significance level of 0.05 was used for all tests.
	Results
	Study participant demographics
	Cognitively healthy participants with normal Aβ/tau ratios (CH-NAT, n=20), and abnormal Aβ/tau ratios (CH-PAT, n=21), were matched by age, gender, education, and handedness (Table 1),
	Behavioral Performance (ACC and RT)
	Time-Frequency Plots
	Figure 1 shows a general fronto-posterior distribution of alpha ERD during the Stroop test, in the comparison (CH-NAT vs. CH-PAT) in time-frequency plots of mean power of EEG in the sagittal plane at the frontal, central, parietal, and occipital regions of the brain. Despite “normal” behavioral performance measures (Table 2), total power of alpha ERD, in the white box in the occipital region (congruent trials), was significantly greater (more negative, blue color) (200~500 ms, 8-15 Hz) in the CH-PAT group compared to age-matched CH-NATs, indicated by the arrows in Figure 1.
	Alpha baseline values
	We compared CH-NAT and CH-PAT participants on time-frequency plots for mean alpha power during resting, as well as during congruent and incongruent trial baselines. Our analysis suggests that alpha power was comparable between CH-NATs and CH-PATs, during resting, and baseline of congruent and incongruent trials (data not shown).
	Alpha ERD differences during cognitive challenge
	During congruent trials, alpha ERD was lower in CH-PAT than CH-NAT in the occipital region (p=0.024) and marginally lower in CH-PATs in the right temporal region (p=0.059, Fig 2, Table 3a). During incongruent trials, no different alpha ERD was seen between groups (Fig 2 and Table 3b).
	Alpha SE differences during cognitive challenge
	Congruent trials revealed a higher alpha SE (active ERD windows) in the CH-PATs compared to CH-NATs in the frontal and occipital regions (p=0.042 and 0.039, respectively); incongruent trials revealed no differences between CH-NAT and CH-PAT groups (Fig 3 and Table 4). Comparing the congruent to incongruent trials, alpha SE in CH-NATs was higher than in CH-PATs at the frontal region (p=0.012) (Fig 3, right column; Table 4c).
	Alpha ERD during cognitive challenge and heart rate by groups
	Alpha ERD during cognitive challenge and cognitive reserve correlation by groups
	ROC curves
	We examined how well combined brain and heart parameters classify CH-PATs from CH-NATs. Alpha ERD at the occipital region during congruent trials is a significant classifier of two groups (p<0.05, AUC=0.69). Although not significant by themselves, adding cognitive reserve, MoCA, and heart rate improves the classification accuracy of alpha ERD (p=0.0048, AUC=0.76) (Fig 6A-B).
	Explorations of other low frequency spectral power by groups
	Delta, theta, alpha, and beta power at early (before 500ms) and late (500-1000ms) windows during Stroop testing were compared. Details are shown in supplementary table (Tables S1a&b).
	Spectral power correlates with behavioral responses (RT and ACC) by groups
	The correlation between participants’ spectral power and RT and ACC for different trials sre shown in supplementary tables (Tables S2a&b).
	Spectral power correlates with heart rate, CSF amyloid, Tau, and MMSE-7
	The correlations between participants’ EEG spectral power and heart rate, CSF amyloid, total Tau, and MMSE-7 for congruent and incongruent trials are shown in supplementary tables (Tables S3a&b).
	
	Discussion
	Our study demonstrates that Stroop challenge reveals subtle changes in pre-symptomatic AD and supports our two predictions: First, despite similar behavioral responses, alpha ERD was more negative at the occipital region in CH-PATs during a low interference load, indicating hyperactivities; alpha SE changes from low to high interference load at the frontal region are lower in CH-PATs, indicating they have insufficient cognitive resource in response to the higher interference load. The capability of qEEG to differentiate the pre-symptomatic AD individuals highlights the importance of the qEEG data in revealing the underlying susceptibility that we report for participants with the AD biomarkers of abnormal CSF amyloid/tau. We emphasize the veracity of our qEEG in this paradigm, since the RTs (600~1000 ms) of our particpants are consistent with the reported range for computerized Stroop testing���34�, and both groups exhibited the expected Stroop effects with longer RT during incongruent than congruent trials. Second, there are significant correlations between alpha ERD with heart rate in CH-PATs compared to CH-NATs. Thus, we report that quantitative measures of brain functions during a simple cognitive “interference” challenge linked to peripheral physiology (heart functions) and cognitive reserve, which reflect systemic physiological changes related to pre-symptomatic AD pathology.
	Yield of interference challenge
	In comparison to published approaches, our study is novel in both using an early stage of AD pathology recognized only by CSF biomarkers, as well as by using cognitive challenge (interference) to bring out alterations in dynamic neural responses detected by both qEEG and by its link to heart rate and cognitive reserve. A few published studies have examined pathophysiology in cognitively healthy individuals with known AD biomarkers, and those that have followed healthy people longitudinally have analyzed the predictive power of the more established CSF and brain imaging biomarkers���1, 2�. We discuss how our results add to the existing knowledge and why they are important and discuss the limitations and the main conclusions of our study. In addition, after finding this new systemic evidence including central (qEEG) and peripheral (heart rate) involvement of AD in cognitively healthy individuals, we undertook initial studies of their potential interactions with other biomarkers, including MMSE, MoCA, and CSF amyloid/tau; we present preliminary findings in the Supplementary Tables to stimulate future analyses between these new qEEG and heart rate findings and the more widespread interoceptive pathophysiology of AD.
	Context of Previous Work
	Heart rate and alpha ERD are correlated in CH-PATs
	Heart rate and resting alpha power are tightly linked to BOLD signals�39�. Heart rate was positively related to cognitive decline in a large scale population study, with odds ratio about 1.01-1.08�21�. In our study, alpha ERD correlated positively with heart rate only in the CH-PAT group, reflecting tighter connections between cognitive and systemic efforts in response to interference challenges. This tighter connection in CH-PATs compared to CH-NATs might reflect the reduced influence of PFC on the neurovisceral network�20� from pathology. That is also consistent with the frontal dysfunction reported in pre-symptomatic AD���11�. The decreased prefrontal cortex influence on CH-PATs may be related to autonomic strain, or to compromised connections between prefrontal cortex and amygdala or hypothalamus���17,18,20�,���19�. However, the direct link between frontal cortex and heart rate regulation in pre-symptomatic AD needs further investigation.
	Furthermore, those CH-PAT individuals with more negative alpha ERD show lower heart rate, reflecting an unmatched oxygen supply with increasing demand. This could reflect an energy conflict between oxygen demand versus supply in CH-PATs, which could further burden neural efficiency, with more negative alpha ERD reflecting an insufficient neurovisceral system in pre-symptomatic AD.
	Cognitive reserve and alpha ERD are correlated in CH-PATs
	Cognitive reserve has been used to account for cognitive performance variabilities. To our knowledge, there are no other studies correlating cognitive reserve with alpha ERD. Cognitive reserve can be estimated by proxies of education years and verbal IQ���40�. Higher cognitive reserve was associated with more effective strategies in the executive task�41� and with lower levels of cardiovascular disease (white matter hyperintensities), which may offer resilience to other pathologies���42�. We interpret the alpha ERD correlation with cognitive reserve that we find only in CH-PATs during incongruent trials to indicate a strain on cognitive reserve by the high load interference challenge. Interestingly, those CH-PATs with higher cognitive reserve have better alpha ERD values (less negative), indicating a better neural efficiency, similar to that for the CH-NAT group. Although spectral entropy is not different between the two groups during incongruent trials, the correlation with cognitive reserve is only significant (negatively) in CH-PATs: those CH-PATs with higher cognitive reserve used less alpha SE for high load incongruent trials, again indicating higher neural efficiency with less resources used for the task, results that are consistent with our interpretation of the alpha ERD results. This interpretation, therefore, suggests that cognitive reserve may improve neural function (higher ERD and lower SE) when CSF amyloid/tau levels are abnormal to protect the CH-PATs from the toxic effects and help maintain normal neural efficiency. This interpretation supports the widely reported protection effect from education�43�. We used the commonly used cognitive reserve calculation from verbal IQ and education years; adding factors such as occupational complexity, physical activity, leisure activities, etc., may further improve this type of analysis���40�.
	There are limitations to this study. First, the investigation was exploratory, and our participants from the local Pasadena area were mainly Caucasian with higher socioeconomic status. Our work needs to be repeated in a larger and more mixed populationand from other locations. With longitudinal follow up, potential biomarkers can be calculated to set standards for clinical screening. In addition, Stroop interference does not include the common conflicts in real life (eg. left vs. right), but the computerized testing with EEG provide objective measures of the compromised oscillatory component behind interference processing. Future studies can incorporate different interference factors, such as the Simon effect�45�. Finally, more participants are female than male, both for CH-NATs and CH-PATs, which may reflect greater altruism or greater resilience in females for aging. Our study can exclude age-related general slowing effects as a potential concern, since we have two groups with similar age range and can be further excluded by our findings of SE change from congruent to incongruent trials�46�. Given these limitations, our findings regarding alpha ERD and alpha SE during Stroop task performance provide new insight to early AD pathology and should encourage further research.
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