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Abstract

Objective: To determine differences in clinical presentation and disease pro-

gression between patients with dementia due to AD with visually normal and

abnormal EEG recordings. We hypothesized that patients with normal elec-

troencephalographs (EEGs) are a representation of the heterogeneity of AD. We

expected this group to have a phenotype with relatively predominant hip-

pocampal atrophy, memory deficits, and a slower disease progression. Methods:

Patients were included based on diagnosis of dementia due to AD, positive

amyloid and tau cerebrospinal fluid (CSF) biomarkers, and the availability of

EEG recordings. Patients were categorized in groups of normal (N = 208) and

abnormal (N = 336) EEG recordings based on visual assessment by experienced

neurophysiologists. At baseline demographics, cognitive, MRI, and CSF mea-

sures were compared between groups. Cognitive data from follow-up visits were

assessed by linear mixed-effects models (LMMs), and corrected for baseline

value, sex, age, and educational level, to compare cognitive deterioration over

time between groups. Results: About 1 in 4.5 patients with AD dementia had a

visually normal EEG and this group showed better overall cognitive perfor-

mance compared to the abnormal group, where memory was the most promi-

nent affected domain. The normal group showed less global and parietal but

similar medial temporal atrophy. Follow-up data showed a slower deterioration

on all tested cognitive domains in the normal EEG group. Interpretation:

Patients with dementia due to AD and visually normal EEG recordings showed

a milder clinical presentation and had a milder disease progression compared

to patients with an abnormal EEG. These results provide evidence of clinical

and biological heterogeneity within AD dementia.

Introduction

Visual evaluation of electroencephalography (EEG) record-

ings in diagnostic care of neurodegenerative diseases has

value for determining a differential diagnosis.1–3 However,

although literature has shown that the EEGs of patients

with dementia due to Alzheimer’s disease (AD) generally

show diffuse slowing of the posterior dominant rhythm,4

normal EEG recordings on visual inspection are not

uncommonly encountered in patients with AD dementia5.

Even though this may hamper the discriminative value of

EEG, the occurrence of visually normal EEGs might pro-

vide us other valuable information about the current dis-

ease stage and the prediction of disease progression.

In this study, we aimed to better understand the clini-

cal value of visually normal EEG recordings in patients

with AD dementia. In particular, we investigated the clin-

ical profile and predictive value of normal EEGs in

patients with AD dementia. We compared baseline demo-

graphics, magnetic resonance imaging (MRI) markers,

cerebrospinal fluid (CSF) profile, cognition, and the clini-

cal progression between patients with normal and abnor-

mal EEGs.

Based on evidence for heterogeneity in AD,5–11 we

hypothesized that the visually normal and abnormal EEGs

represent two different clinical groups in dementia due to

AD. The normal EEG group would resemble a phenotype

with a late onset of the disease, memory loss as the core
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symptom, predominant hippocampal atrophy and low

disease activity represented by low CSF tau levels, and

slow disease progression. This is in contrast with the

abnormal EEG group that would have a young age of dis-

ease onset, more deterioration in other cognitive domains

than memory, more global and parietal atrophy, and

higher disease activity represented by high CSF tau and

faster disease progression.

Methods

Population

The local Medical Ethics Committee approved a gen-

eral protocol for using the clinical data for research

purposes. Written informed consent was obtained from

all participants. A total of 949 patients were included

from the Amsterdam dementia cohort (ADC)12 based

on the clinical diagnosis of dementia due to AD13 and

positive amyloid and tau CSF biomarkers in concor-

dance with the research criteria for AD.14 An addi-

tional inclusion criterion was the availability of EEG

recordings at baseline. Information was requested from

baseline and all available follow-up visits. The baseline

visit was part of the diagnostic process and consisted

of clinical evaluation by a clinician, a neuropsychologi-

cal test battery, a MRI-scan (or a computed tomogra-

phy scan when MRI was not possible), an EEG

recording, and a lumbar puncture. Diagnosis was

determined during a consensus meeting with experi-

enced neurologists, neurophysiologists, neuropsycholo-

gists, and radiologists. Follow-up visits consisted of

clinical evaluation by a clinician and a standardized

neuropsychological test battery.

EEG recordings

Twenty minutes of eyes-closed resting-state EEG with

O.S.G. digital equipment (Brainlab or BrainRT; O.S.G.

B.V. Belgium) was recorded at baseline. To observe the

reactivity of the rhythmic background activity to opening

of the eyes, patients were asked to open and close their

eyes for two to three times during the recording. Elec-

trodes were placed at the positions of the 10–20 system

(Fp2, Fp1, F8, F7, F4, F3, A2, A1, T4, T3, C4, C3, T6, T5,

P4, P3, O2, O1, Fz, Cz, Pz). Sample frequency was

500 Hz. Electrode impedance was kept below 5 kΩ and

high- and low-pass filters were set at 0.5–70 Hz. Patients

sat in a slightly reclined chair in a sound-attenuated room

and were monitored by an experienced technician. When

necessary, sound stimuli were used by the technician to

keep the patient awake.

Visual assessment of EEG recordings

The EEGs were visually assessed and scored by an experi-

enced clinical neurophysiologist as part of the clinical rou-

tine. Parts of the EEG that were influenced by the opening

of the eyes, monitored by the technician, or drowsiness,

represented by slow horizontal eye movement or slowing of

the posterior alpha rhythm, were excluded for the assess-

ment. Scoring was done using a standardized severity scale

(range 1–4, corresponding with no to severe abnormali-

ties).1,5,15 Additionally, the abnormalities were categorized

(focal abnormalities, diffuse abnormalities, epileptiform

activity, or any combination). Focal abnormalities were

defined as (transients of) slow or sharp wave activity in one

or more EEG leads, but excluding benign temporal theta of

the elderly. Diffuse abnormalities were defined as either

diminished reactivity of the rhythmic background activity

to opening of the eyes, global slow wave activity, or a poste-

rior dominant frequency below 8 Hz. Spikes and spike-

and-slow-wave complexes were defined as epileptiform

activity.16 Recent work showing increased incidence of

epileptiform activity in AD moved us to not exclude

patients with focal epileptiform activity from our popula-

tion.17–20 This was because our aim was to include a clini-

cally representative sample. The interobserver agreement of

this EEG evaluation method has previously been investi-

gated and resulted in kappa scores of 0.60–0.87.1

Neuropsychological assessment

All patients underwent an extensive neuropsychological

test battery at baseline and a standardized set of tests was

repeated during the follow-up visits. We selected a set of

neuropsychological tests for analysis with the aim to cover

important cognitive domains. Overall cognition was mea-

sured by the Mini-Metal State Examination (MMSE) and

Clinical Dementia Rating (CDR), whereas specific

domains were covered by the following tests: Memory:

the immediate and delayed response of the Rey Auditory

Verbal Learning Test (RAVLT); Executive functioning:

the Frontal Assessment Battery (FAB) and Controlled

Oral Word Association Test (COWAT); Language: the

Animal Fluency test and naming of 20 images of the Ari-

zona Battery for Communication Disorders of Dementia

(ABCD); Attention: the Trail-Making Test A (TMT-A,

inverted scores); Visual performance: Dot Counting and

Fragmented Letters tests.

Magnetic resonance imaging

MRI scans were performed at baseline and scored by an

experienced radiologist as part of the diagnostic process.

ª 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 1039

C. T. Briels et al. The Value of Normal EEGs in Alzheimer’s Disease



Three commonly used neurodegenerative markers were

used for analyses: medial temporal atrophy (MTA, range

0–4), global cortical atrophy (GCA, range 0–3), and pari-

etal atrophy (range 0–3). All scores were rated visually

and low and high scores represented, respectively, no and

severe atrophy. MTA scored was rated on T1-weighted

coronal images. GCA was rated using axial FLAIR images.

Parietal atrophy was scored using axial, coronal, and

sagittal T1- and FLAIR-weighted images. MTA and pari-

etal atrophy scores were averaged over left and right.

Cerebrospinal fluid and APOE genotyping

All patients underwent a lumbar puncture and blood

sampling at baseline. Amyloid beta 1–42 (Ab1–42), total
tau (t-tau), and phosphorylated tau (p-tau) were mea-

sured from the CSF sample (Innotest, Fujirebio, Ghent,

Belgium). Correction for center-specific amyloid beta 1–
42 drift was applied and the following cut-offs were used:

Ab1–42 < 813 ng/L, t-tau > 375 ng/L, and p-

tau > 52 ng/L.21 Due to a change in memory clinic pro-

tocol, more recent CSF Ab1–42, t-tau, and p-tau values

were measured by Elecsys immunoassays (Roche Diagnos-

tics GmbH, Penzberg, Germany) (Ab1–42 N = 97, 10%;

t-tau N = 65, 7%; p-tau N = 65, 7%). Elecsys values were

transformed to Innotest values by conversion rates from

literature22. Apolipoprotein E (APOE) genotyping was

performed on DNA isolated from the blood samples.

Patients were dichotomized into carriers (hetero- and

homozygous) and non-carriers of the e4 allele. This was

repeated for the e2 allele. Additionally, patients were

dichotomized into carriers and non-carriers of the e2
allele.

Statistical analyses

Statistical analyses were performed using RStudio (version

1.1.463)23, the lme4 package for R24, and SPSS statistics

(IBM SPSS Statistics for Windows, version 26.0.0.1) soft-

ware. To contrast clearly visually normal EEGs with

clearly abnormal EEGs, patients with no abnormalities

(severity score 1) were compared to moderate abnormali-

ties (severity score 3) at baseline and follow-up. Patients

with missing data or a severity score of 5 were excluded

(N = 5). The distribution of the baseline data was

checked. Differences in baseline demographics, CSF pro-

file, MRI, and cognition were compared between groups

by Chi-square test, independent t-test, and Mann–Whit-

ney-U test where appropriate. P-values were FDR-cor-

rected and considered significant at pcorr < 0.0525.

P-values were considered significant at p < 0.05. To com-

pare the relative decrease in different cognitive domains

between different EEG groups, Z-scores were additionally

calculated for each cognitive test over the entire popula-

tion and plotted for the different EEG groups. The pro-

gression of each cognitive test over time was predicted by

linear mixed-effects models (LMMs) using baseline and

follow-up data. The LMM was chosen due to its robust-

ness in the presence of missing values26. Another impor-

tant benefit of LMMs is the possibility to introduce an

assumption of dependence between measures (e.g.,

repeated measures of cognitive tests within patients are

typically not independent). For each cognitive test, a

LMM was build using follow-up time and/or follow-up

time squared (depending on which factor fitted best) as a

fixed factor and using random slopes (when allowed by

the number of observations) and random intercepts for

every subject. The covariates age, sex, educational level,

and baseline score were added as fixed effects to the

model. Then, different models were built by adding EEG

status (normal vs abnormal) as a fixed effect, fixed inter-

action with time, or both. The final model was selected

based on the goodness of fit as indicated by the Akaike

Information Criterion (AIC)27. The AICs were compared

by analysis of variance (ANOVA) and the significantly

(p < 0.05) smallest AIC was chosen for the final model.

Whenever two or more not significantly different models

remained, the importance of the interaction effect was

determined (either p < 0.05 significance or 10% effect on

the regression coefficient) or the simplest model was cho-

sen. Additionally, the effect of baseline use of acetyl-

cholinesterase inhibitors or memantine (as a fixed factor)

on the model was evaluated. Finally, the contrast of the

EEG score was extended by adding patients with EEGs

scored as having mild abnormalities to the analysis (i.e.,

three EEG categories representing severity score 1 to 3).

Results

Population

The prevalence of visually normal EEG recordings in

patients with dementia due to AD was calculated over the

total sample (N = 949). Approximately 22% (1 in 4.5

patients) had a normal EEG over a time period of

16.4 years (2002–2019). In total, 208 patients were

included in the normal EEG group and 336 patients were

included in the abnormal EEG group. Four hundred

patients were allocated to the mild abnormalities group.

Of the abnormal EEG group, most patients had either a

combination of focal and diffuse abnormalities (N = 200,

60%) or only diffuse abnormalities (N = 79, 24%). The

occurrence of each type of abnormality within the abnor-

mal EEG group can be found in Table S1. Follow-up data

were available for 133 patients (64%) of the normal EEG

group and 193 patients (57%) of the abnormal EEG
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group. Median follow-up duration was 2.0 years (in-

terquartile range (IQR) 1.0–2.8) with a median number

of follow-up visits of 3 (IQR 2–4). Respectively, for the

normal and abnormal EEG groups, the median follow-up

durations were 2.0 (IQR 1.1–3.1) and 1.8 years (IQR 1.0–
2.3) with a median number of follow-up visits of 2 (IQR

3–5) and 2 (IQR 2–4). The amount of follow-up data that

were available for each individual cognitive task can be

found in Table S2.

Baseline

At baseline demographics, CSF profile, MRI markers, and

cognitive performance were compared between the nor-

mal EEG and abnormal EEG patients. The results of these

comparisons can be found in Table 1. The normal EEG

group was on average 2 years older (pcorr = 7.0*10�4) but

did not differ on sex, educational level, or duration of

complaints from the abnormal EEG group. Prevalence of

the APOE e2 or e4 allele did not differ between the

groups, neither did the amount of homozygous APOE e4
carriers (homozygous e4 carriers/other APOE genotypes,

normal N = 47/158, abnormal N = 57/268, p = 0.16).

Based on the CSF results, both groups showed typical

amyloid and tau burden but the levels of Ab1–42, t-tau,
and p-tau did not differ between the groups.

The MRI markers showed less parietal and global atro-

phy in the normal EEG group. Compared to the abnor-

mal EEG patient group, the normal EEG patient group

had a lower GCA score (normal EEG median = 1 (IQR

1–1); abnormal EEG median = 1 (IQR 1–2); pcorr = 0.04),

a lower parietal atrophy score (normal EEG median = 1

(IQR 1–2); abnormal EEG median = 1.5 (IQR 1–2);
pcorr = 0.02) but a similar MTA score (normal EEG

median = 1.5 (IQR 1–2); abnormal EEG median = 1.5

(IQR 1–2); pcorr = 0.81).

Table 1. Baseline values of demographic variables, CSF profile, MRI markers, and cognitive tests.

Characteristics Normal EEG N (%) Abnormal EEG N (%)

Sex (m/f) 98/110 208 (100) 156/180 336 (100)

Age 66 � 7 208 (100) 64 � 8*** 336 (100)

Education 5 (4–6) 193 (93) 5 (4–6) 316 (94)

Duration of complaints 3 (2–4) 208 (100) 3 (2–4) 332 (99)

AChEI 13/195 208 (100) 18/318 336 (100)

CDR 1 (0.5–1) 184 (88) 1 (1–1)*** 291 (87)

APOE e4 pos/neg 146/59 205 (99) 209/116 325 (97)

APOE e2 pos/neg 10/195 205 (99) 20/305 325 (97)

CSF markers

Amyloid-beta 42 604 � 107 208 (100) 587 � 105 336 (100)

Total tau 667 (490–932) 208 (100) 608 (441–938) 336 (100)

P-tau 90 � 36 208 (100) 89 � 39 336 (100)

MRI markers

GCA 1 (1–1) 160 (77) 1 (1–2)* 247 (74)

MTA 1.5 (1–2) 161 (77) 1.5 (1–2) 247 (74)

Parietal atrophy 1 (1–2) 159 (76) 1.5 (1–2)** 245 (73)

Cognitive tests

MMSE 22 � 4 205 (99) 18 � 5*** 325 (97)

RAVLT immediate 22 � 8 178 (86) 20 � 8** 258 (77)

RAVLT delayed 1 (0–3) 177 (85) 1 (0–3) 253 (75)

FAB 14 (11–16) 175 (84) 10 (8–13)*** 248 (74)

COWAT 29 � 12 167 (80) 22 � 12*** 231 (69)

Animal fluency 13 � 5 180 (87) 11 � 5*** 278 (83)

Naming 17 (14–19) 153 (74) 16 (13–18)** 219 (65)

TMT-A �59 (�42 to �81) 186 (89) �94 (�61 to �173)*** 257 (76)

Dot count 10 (9–10) 145 (70) 9 (7–10)*** 200 (60)

Fragmented letters 18 (16–19) 149 (72) 16 (9–18)*** 199 (59)

Values for the normal and abnormal EEG groups are shown (count, mean � standard deviation, or median with interquartile range). Group differ-

ences were tested by Chi-square test, independent t-test, or Mann–Whitney-U test where appropriate. Significant differences are indicated in bold

and by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). The count of AChEI includes the use of memantine. Abbreviations: Acetylcholinesterase

inhibitors (AChEI), Clinical dementia rating (CDR), Apolipoprotein E (APOE), global cortical atrophy (GCA), medial temporal atrophy (MTA), Mini-

Metal State Examination (MMSE), Rey Auditory Verbal Learning Test (RAVLT), Frontal Assessment Battery (FAB), Controlled Oral Word Association

Test (COWAT), Trail-Making Test A (TMT-A, inverted scores).
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Patients in the normal EEG group showed better per-

formance on global cognition and on all tested individual

cognitive domains compared to patients in the abnormal

EEG group. There was a mean difference (Dl) of 4

MMSE points (pcorr < 1*10�10) in favor of the normal

EEG group. The distribution of CDR score was lower in

the normal EEG group (normal EEG median = 1 (IQR

0.5–1), abnormal EEG median = 1 (IQR 1–1),
pcorr = 7.1*10�8). The normal EEG group performed bet-

ter in the memory (RAVLT immediate recall Dl = 2,

pcorr = 0.003), executive functioning (FAB median differ-

ence (Dm) = 4, pcorr < 1*10�10, COWAT Dl = 7,

pcorr = 4.4*10�8), language (animal fluency Dl = 2,

pcorr = 4.1*10�7, naming Dm = 1, pcorr = 0.005), attention

(TMT-A Dm = �35 s, pcorr < 1*10�10), and visual

domains (dot counting Dm = 1, pcorr = 1.1*10�6, frag-

mented letters Dm = 2, pcorr = 1.0*10�6) compared to the

abnormal EEG group. Z-scores of the cognitive tests for

the different EEG groups can be found in Figure S1. The

normal EEG group showed prominent low Z-scores in

the memory (RAVLT) domain where the abnormal EEG

group showed low scores in all domains with the lowest

scores in the executive domain (FAB and COWAT).

Follow-up

In comparison with the abnormal EEG group, the normal

EEG group declined less rapidly in global cognitive per-

formance as indicated with the MMSE score. As shown in

Table 2, the LMM predicted that for all patients, MMSE

declined over time with �0.82 points per year with an

acceleration of �0.37*(per year2) (p = 0.0002 and

p < 1*10�10, respectively). This indicates that the rate of

decline in MMSE points increases over time for all

patients. Additionally, an interaction effect between time

and EEG group was found. Over time, the normal EEG

group decreased �1.15 MMSE point per year less than

the abnormal EEG group (p = 0.0004). This effect was

independent of the baseline MMSE score. The trajectories

of both EEG groups were plotted to visualize this effect

(Fig. 1).

The results of the LMMs for the different cognitive

tests are shown in Table 2 and Figure 2. Independent of

baseline scores, all models showed an interaction effect

between EEG group and time, indicating that patients in

the normal EEG group declined less rapidly in cognitive

performance compared to the abnormal EEG group. The

addition of the use of acetylcholinesterase inhibitors or

memantine at baseline as a covariate to the model did

not change these results (Table S3).

The LMMs were repeated for each cognitive test while

adding a third EEG group with mild EEG abnormalities

(severity score of 2). The baseline characteristics of this

group can be found in Table S4. Apart from the memory

domain, the mild EEG abnormalities group performed

worse on global cognition and all individually tested cog-

nitive domains compared to the normal group. The

results of the repeated LMMs at three levels can be found

in Figure 3 and Table S5. Overall, the EEG group with

mild abnormalities performed either similar to the abnor-

mal EEG group or at intermediate levels between the nor-

mal and abnormal EEG groups. These results support the

previous LMM models, indicating that a normal EEG has

a favorable outcome in terms of baseline cognition and

rate of cognitive decline.

Discussion

The results of the current study confirmed our hypothesis

that the patients with visually normal resting-state EEG

Table 2. Prediction of cognitive decline over time.

Time Time2 Time * EEG

Beta (std. error)/std. Beta (CI) Beta (std. error)/std. Beta (CI) Beta (std. error)/std. Beta (CI)

MMSE �0.82 (0.26)/�0.38 (�0.50; �0.27) �0.37 (0.03)/�0.12 (�0.14; �0.10) �1.15 (0.34)/�0.28 (�0.43; �0.12)

RAVLT immediate �1.42 (0.17)/�0.22 (�0.27; �0.17) – �0.78 (0.25)/�0.12 (�0.20; �0.04)

FAB �0.64 (0.09)/�0.18 (�0.23; �0.14) – �0.28 (0.03)/�0.08 (�0.15; �0.01)

COWAT �1.68 (0.23)/�0.17 (�0.21; �0.12) – �1.11 (0.34)/�0.11 (�0.18; �0.04)

Animal fluency �0.64 (0.20)/�0.19 (�0.25; �0.12) �0.08 (0.04)/�0.02 (�0.05; 0.00) �1.13 (0.16)/�0.27 (�0.34; �0.20)

Naming �1.14 (0.19)/�0.26 (�0.33; �0.18) 0.16 (0.04)/0.05 (0.02; 0.07) �0.47 (0.15)/�0.13 (�0.21; �0.05)

TMT-A �8.65 (1.60)/�0.14 (�0.19; �0.09) – �21.41 (2.46)/�0.35 (�0.43; �0.27)

Dot count �0.16 (0.05)/�0.25 (�0.34; �0.17) – �0.47 (0.08)/�0.25 (�0.34; �0.17)

Fragmented letters �0.68 (0.12)/�0.14 (�0.18; �0.09) – �0.34 (0.18)/�0.07 (�0.14; 0.00)

Estimations of the coefficients of the linear mixed-effects models are shown for each cognitive test. Beta, standard error and standardized beta

with 95% confidence interval (CI) of the coefficients are shown. Higher scores represent better performance (TMT-A values were inverted). For

the EEG interaction effect (Time * EEG), negative values represent better performance for the normal EEG group. Abbreviations: Mini-Metal State

Examination (MMSE), Rey Auditory Verbal Learning Test (RAVLT), Frontal Assessment Battery (FAB), Controlled Oral Word Association Test

(COWAT), Trail-Making Test A (TMT-A, inverted scores).
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recordings in dementia due to AD are clinically different

from patients with abnormal recordings. Patients with a

normal EEG showed better cognitive performance, rela-

tively prominent impaired memory, and less global and

parietal atrophy on MRI compared to patients with an

abnormal EEG. Importantly, patients with a normal EEG

showed a slower cognitive decline over time compared to

patients with an abnormal EEG—an effect which was

independent of baseline cognitive performance. These

results show that the clinical presentation of dementia

due to AD is heterogeneous. With a prevalence in a con-

siderable proportion of patients with dementia due to

AD, a normal EEG is a clinical favorable finding in terms

of clinical progression.

In an attempt to find evidence for a different clinical

phenotype of the visually normal EEG group, some differ-

ences in affected cognitive domains were found. Based on

evidence from multiple studies, it has been established

that different subtypes of AD exist.11 Recurrent proposed

phenotypes are the “typical” AD, the dysexecutive sub-

type, posterior cortical atrophy, and the aphasic variant

of AD. It was previously reported that patients with visu-

ally normal EEGs showed overall the best cognitive per-

formance compared to patients with abnormalities on the

EEG. However, the same normal EEG group showed sim-

ilar impaired memory performance compared to the

other groups, which indicated that this profile was in line

with the “typical” AD phenotype.6 Additionally, previous

research has shown that early onset and APOE e4 negative

AD patients show more severe abnormalities on their

EEGs.5 More profound slowing of the posterior EEG

channels in posterior cortical atrophy has been shown as

well.28 Hence, we expected our groups to display a phe-

notype with predominant memory deficits and
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hippocampal atrophy in the patients with normal EEGs

compared to more deterioration of other cognitive

domains and more global and parietal atrophy in patients

with abnormal EEGs. We did indeed observe less parietal

and global atrophy and a better cognitive performance in

the normal EEG group. The hippocampal atrophy was

similar in both groups and memory was the relatively

most impaired domain in the normal EEG group.

Although the abnormal EEG group showed the lowest

overall scores, the results showed that patients in the nor-

mal EEG group did have global cortical and parietal atro-

phy together with deficits in most cognitive domains and

similar decreases in performance over time in most

domains. On the other hand, the abnormal EEG group

showed decreased cognitive performance across all tests

and showed the strongest decreases over time in the

attention, language, and visual domains. The difference in

cognitive profiles between groups could be caused due to

the presence of more patients with a more “typical” AD

phenotype in combination with patients who are in an

earlier stage of the disease in the normal EEG group. The

abnormal EEG group potentially contains more patients

with a more “atypical” AD phenotype and patients who

are in a more advanced disease stage.

Interestingly, although the normal EEG group showed

overall better cognitive performance, the self-reported

duration of complaints indicated a similar disease dura-

tion in the two EEG groups. This suggested that the rate

of cognitive decline was different between the groups and,

therefore, a less aggressive disease course in patients with

a normal EEG. Our LMMs confirmed this by showing a

slower rate of decline in the normal EEG group for each

of the investigated cognitive tests. When comparing the

results of the prognostic value of normal EEGs in demen-

tia due to AD in the present study with previous litera-

ture, only a few are directly comparable. Recent literature

mostly describes prognostic EEG markers in terms of pro-

gression from normal cognition to mild cognitive
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impairment (MCI) or MCI to dementia. For example,

several studies have found a decrease in oscillatory power

of the alpha frequency band to be predictive of progres-

sion of MCI to AD dementia.29–31 The value of compar-

ing these studies with our results is, however, limited

because amyloid and tau biomarkers are absent in these

studies. Studies lacking these markers could be selecting

predictors that are prognostic for the diagnosis of AD

and not rate of cognitive decline within AD. Previous

research has described the conversion rates of amyloid-

positive patients with subjective cognitive decline (SCD)

to MCI or dementia with a follow-up of about 1–3 years.

SCD patients had a higher hazard ratio of converting to

MCI or dementia when having higher relative delta or

theta power and lower alpha or beta power.32 This would

be in line with our results that patients with normal EEGs

decline less rapidly. However, the patients of the study

mentioned above are in a much earlier disease stage and

it has been shown that amyloid accumulation can precede

years before neurodegeneration.33 In AD demented

patients, the neurodegeneration is in a more advanced

stage and it would be expected that the EEG recordings

would be affected. Unfortunately, the common issue with

studies in the dementia stage of AD is either a lack of

amyloid or tau biomarkers, the absence of longitudinal

data, and small investigated populations.34 Longitudinal

studies without biomarker confirmation have shown that,

in line with our results, more severe EEG abnormalities

correlate with a faster cognitive decline. In a 1 year fol-

low-up study of 88 patients with probable AD and 35

controls, a decrease in MMSE was correlated with an

increase in temporal relative delta power.35 Additionally,

a smaller study was done with 15 probable AD patients

and 15 controls with a follow-up of a year. Within the

AD group, a reduction in synchronization, assessed by

the S-estimator, in the left frontotemporal cortex over

time was associated with a faster cognitive decline.36 The

current study builds upon previous knowledge by using

AD biomarkers, a large study sample, and by using

another point of view. Our results show that the feature

of having a visually normal EEG in AD dementia has a

favorable prognosis for patients.

Some studies have indicated that AD patients with

higher CSF tau levels show a faster cognitive decline.37–39

Our abnormal EEG group had a faster cognitive decline

but not a higher CSF tau. Although this is not in line

with each other, it could be due to the absence of reverse

causality or dependence on the levels of p-tau. For exam-

ple, previous studies found that very high levels of t- and

p-tau in particular were predictive of a faster cognitive

decline.7,39 T- or p-tau levels of this height were rare in

our sample. The relation between CSF tau and EEG is dif-

ficult as these markers seem to develop differently over

time. As literature is sparse, future studies should investi-

gate the cross-sectional and longitudinal correlations

between EEG and CSF AD markers.34

Another marker that has been reported to be predictive

of disease progression or severity is APOE e4. In our

study, APOE e4 status was not different between the nor-

mal and abnormal EEG groups. Previous studies have

reported conflicting results on APOE e4. Some have

shown more EEG abnormalities, that is, more severe

slowing of the oscillatory activity, in APOE e4 carri-

ers,40,41 where others have shown a higher occurrence of

abnormal EEGs in APOE e4 non-carriers.5 Similar dis-

crepancies have been found in functional connectivity

analyses.42,43 Different factors could explain why no dif-

ference in APOE e4 allele carriage was found between

groups. Firstly, APOE e4 and visually normal EEGs may

be independent predictors of cognitive decline. We have

not analyzed whether APOE e4 carriage is associated with

cognitive decline in our cohort and whether EEG changes

are associated with APOE e4-related cognitive decline.

Secondly, a visual rating of EEGs might not be sensitive

enough and a more detailed quantitative analyses could

be better at finding (small) differences between groups.

Thirdly, APOE e4 allele carriage is associated with an

increased risk of late-onset AD but only in combination

with a positive family history in early onset.44,45 More-

over, although APOE e4 is associated with an increased

risk of dementia due to AD, it is not associated with a

different rate of cognitive decline compared to non-car-

rier patients with dementia due to AD.46 Hence, the rea-

son that APOE e4 allele carriage did not differ between

groups could be due to independent effects on cognitive

decline, the combination of the heterogeneity of our sam-

ple, which contains dementia stage AD patients with

mixed ages of onset, the relative small effect APOE e4 has

on EEG recordings, and that APOE e4 only has influence

on the incidence but not progression of the disease.

Our results showed a clinical difference between

patients with AD dementia and visually normal or abnor-

mal EEGs and it would be most interesting to understand

what causes the occurrence of the normal EEGs. EEG

directly measures synaptic activity, which reflects the

(cognitive) function of the brain. It is, therefore, to be

expected for the EEG to change in concordance with the

cognitive performance of the patient. Previous research

has indeed shown a diffuse slowing of the posterior domi-

nant rhythm,4 yet a good explanation of normal EEGs in

a subset of patients with clinically manifest AD is still

lacking. Literature has suggested different protective fac-

tors for AD such as cognitive reserve, socioeconomic fac-

tors, lifestyle factors, the APOE e2 allele, and network

resistance or resilience.47–49 The cognitive reserve theory

does, however, not fit our normal EEG group. Patients
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with a high cognitive reserve should stay cognitively nor-

mal longer but decline faster when a threshold of neu-

rodegeneration is reached. Furthermore, the protective

effect of the APOE e2 allele did not explain the difference

in cognitive decline because the incidence did not differ

between groups. One explanation could be a natural vari-

ation between patients before the onset of AD pathology.

A relative decrease in EEG properties could go unnoticed

when the normal healthy situation is above the normal

population average. Additionally, a visual inspection

might not capture all changes that could have been cap-

tured with quantitative EEG using spectral, functional

connectivity, and network measures. The spatial resolu-

tion and range of 21 electrode EEG recordings are other

limiting factors. Deep, basal, and medial signals are diffi-

cult to estimate. A different potential lead is that our

results suggest that patients with favorable oscillatory

properties endure a milder disease course. This might be

due to a more resilient or resistant underlying network.

Multiple studies have been done to investigate vulnerabili-

ties in functional networks and have found evidence that

specific and regional network deterioration correlate with

syndrome-specific neurodegeneration.48,50,51 Instead of

investigating risk factors for deterioration, it would be

interesting for future studies to focus on what network

features are protective or predict a slower decline.

The current study design has several strengths. A large

sample was available and a large subsample had follow-

up data available. All included AD patients had gone

through an extensive clinical assessment for diagnosis

and all patients had positive amyloid and tau CSF

biomarkers. A potential limitation is the use of a visual

rating of the EEG instead of using quantitative measures.

In our final analyses, we have not included the types of

abnormalities and the scale ignores characteristics such

as benign temporal theta of the elderly which might not

actually be benign in these patients. Quantitative mea-

sures could give more detailed descriptions of EEG met-

rics and are not influenced by interobserver variability.

In contrast, in the clinical routine, quantitative assess-

ment of EEGs has limited value and provides many dif-

ferent obstacles such as choices in epoch selection,

epoch processing, and the time that is required to go

through these steps. Our research question was aimed at

what clinical consequences EEGs visually regarded as

normal had. This question requires the use of the visual

assessment as the predictor of the clinical outcome. Our

results indicate that clinically a patient with dementia

due to AD with a visually normal EEG has an overall

relatively better cognition and slower cognitive decline

compared to patients with an abnormal EEG. These

findings can help in determining clinical prognosis and

can be used in clinical trials. Heterogeneous treatment

effects can be expected when including both patient

groups. For example, knowing that the rate of decline is

higher in the abnormal EEG group, a treatment effect

might be larger or spotted earlier.

Conclusion

Although EEG recordings of patients with dementia due

to AD typically show diffuse oscillatory slowing, a consid-

erable proportion has a visually normal EEG. The results

of this study show that patients with a normal EEG are

overall cognitively less affected and show a less rapid pro-

gression compared to patients with an abnormal EEG.

This can be informative for clinicians or clinical trials in

terms of expected disease progression and expected treat-

ment effects. Future studies could investigate what causes

this relative protective state.
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