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Abstract 
 
Objective: In clinical trials in Alzheimer’s Disease (AD), an improvement of impaired functional 
connectivity (FC) could provide biological support for the potential efficacy of the drug. 
Electroencephalography (EEG) analysis of the SAPHIR-trial showed a treatment induced improvement 
of global relative theta power but not of FC measured by the phase lag index (PLI). We compared the 
PLI with the amplitude envelope correlation with leakage correction (AEC-c), a presumably more 
sensitive FC measure. 

Methods: Patients with early AD underwent 12 weeks of placebo or PQ912 treatment. Eyes-closed 
task free EEG was measured at baseline and follow-up (PQ912 n=47, placebo n=56). AEC-c and PLI 
were measured in multiple frequency bands. Change in FC was compared between treatment groups 
by using two models of covariates.  

Results: A significant increase in global AEC-c in the alpha frequency band was found with PQ912 
treatment compared to placebo (p=0.004, Cohen’s d=0.58). The effect remained significant when 
corrected for sex, country, ApoE ε4 carriage, age, baseline value (model 1; p=0.006) and change in 
relative alpha power (model 2; p=0.004).  

Conclusions: Functional connectivity in early AD, measured with AEC-c in the alpha frequency band, 
improved after PQ912 treatment.  

Significance: AEC-c may be a robust and sensitive FC measure for detecting treatment effects.  

 

 

Highlights:  

- Aim was to find a sensitive functional connectivity measure for trials in Alzheimer's disease 
(AD) 

- The PLI and AEC-c were compared in the SAPHIR trial in early AD  
- AEC-c may be a sensitive measure to detect treatment effects in clinical trials in AD 

Keywords: Alzheimer’s Disease, functional connectivity, clinical trial, AEC-c, PLI, outcome measure 

Abbreviations: MCI, mild cognitive impairment; ApoE, apolipoprotein E; CSF, cerebrospinal fluid; 
Aβ42, amyloid-beta 42; t-tau, total tau; p-tau, phosphorylated tau; PP, per protocol; ITT, intention to 
treat; EEG, electroencephalography; MEG, Magnetoencephalography; Functional connectivity, FC; 
AEC-c, amplitude envelope correlation with leakage correction; PLI, phase lag index; SD, standard 
deviation; SE, standard error; B, unstandardised beta 
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1. Introduction 

Efficient communication between different regions of the brain is essential for normal cognition 
(Stam, 2005), and changes in these functional interactions have been reported in various 
neurodegenerative diseases such as multiple sclerosis (Schoonheim et al., 2015), Dementia with 
Lewy Bodies (van der Zande et al., 2018) and Alzheimer’s disease (Jeong, 2004). The level of 
functional connectivity hereby provides an intermediate phenotype between pathological changes 
and cognitive functioning. By using electroencephalography (EEG), which directly measures cortical 
synaptic activity, functional connectivity can be calculated by estimating the statistical 
interdependence between pairs of time series. The advantage of using EEG to capture functional 
connectivity over other modalities is its high temporal resolution, widespread availability and low 
cost. 

EEG changes in Alzheimer’s disease (AD) compared to healthy subjects are well described. These 
changes are represented by diffuse slowing of the dominant posterior rhythm with an increase of 
relative delta and theta power and decrease of relative alpha and beta power (Jackson and Snyder, 
2008, Jeong, 2004). Multiple studies have also shown changes in EEG functional connectivity in AD 
compared to healthy subjects (Blinowska et al., 2017, Engels et al., 2015, Houmani et al., 2018, 
Jackson and Snyder, 2008, Jeong, 2004, Stam et al., 2005, Yu et al., 2016). Functional connectivity is 
generally decreased in AD patients compared to healthy subjects (Stam et al., 2003, van Straaten et 
al., 2014). The level of functional connectivity in AD patients is also associated with the severity of 
cognitive disturbances. AD patients with lower scores on cognitive testing show lower functional 
connectivity (Chen et al., 2015, Park et al., 2008, Stam et al., 2005). 

The SAPHIR-trial investigated the effects of the drug PQ912 in the treatment of Alzheimer’s disease 
(AD). PQ912s mechanism of action is based on the hypothesis that soluble oligomers of Amyloid Beta 
42 (AβOs) play an important role in the pathophysiology of AD (Selkoe, 2002, Selkoe and Hardy, 
2016). AβOs are thought to be synaptotoxic and cause cognitive decline in AD (Ferreira et al., 2015). 
PQ912 is a glutaminylcyclase inhibitor which decreases the formation of pyroglutamyl-Aβ (pE-Aβ) 
(Lues et al., 2015). pE-Aβs are thought to initiate and sustain the formation of the synaptotoxic AβOs 
(Nussbaum et al., 2012). Therefore, by inhibiting glutaminylcyclase with PQ912, the formation of pE-
Aβs and indirectly (pE)AβOs is decreased which might counteract the cognitive decline in AD. A study 
in a mouse model of AD has shown improvement of cognition after treatment with PQ912 (Hoffmann 
et al., 2017). 

Next to the assessment of drug safety in the 2a phase of the SAPHIR-trial, the effect of 12 weeks of 
treatment with PQ912 in patients with early AD on synaptic function was assessed by resting state 
electroencephalography (EEG). Cortical postsynaptic activity is the main source of extracellular 
current flow recorded by EEG (Buzsaki et al., 2012, Lopes da Silva, 2013). The hypothesised reduction 
of the synaptotoxic effect of pE-Aβs effectuated by PQ912 should therefore be captured by changes 
in EEG oscillatory activity and functional connectivity. 

In the prespecified EEG analysis of the SAPHIR trial, a positive effect of PQ912 on global relative theta 
power (4 – 8 Hz) was found, represented by a decrease in the PQ912 intervention group and an 
increase in the placebo group (Scheltens et al., 2018). However, the analyses of functional 
connectivity did not yield significant differences between groups. As we would expect that changes in 
oscillatory activity, as reflected by relative power measures, are related to changes in functional 



4 
 

connectivity between brain regions (Dauwels et al., 2010, Tewarie et al., 2016), we hypothesise that 
the prespecified measure, the phase lag index (PLI), was not sensitive enough to detect small effects. 
The PLI is a highly ‘pure’ measure that, unlike many other functional connectivity measures, was 
developed to correct bias caused by volume conduction (Nunez et al., 1997, Porz et al., 2014, Stam et 
al., 2007, van Diessen et al., 2015) but may discard relevant information due to stringent calculation 
methods (Herreras, 2016, Ossadtchi et al., 2018). Repeated measures could additionally be 
influenced by a poor test-retest reliability of the PLI (Colclough et al., 2016). The aim of our study was 
to find a functional connectivity measure sensitive to potential treatment effects.  

Therefore, we have additionally re-analysed the EEG dataset of the SAPHIR trial with a functional 
connectivity measure with good test-retest reliability (Colclough et al., 2016): the amplitude 
envelope correlation (AEC) (Brookes et al., 2011, Bruns et al., 2000) with correction for volume 
conduction (AEC-c) (Brookes et al., 2011, Hipp et al., 2012, Tewarie et al., 2019). We hypothesised 
that the AEC-c is able to capture potential treatment effects due to its higher test-retest reliability. 
We chose to only test the AEC-c and PLI, instead of a range of other commonly used functional 
connectivity measures with lower reliability or validity (for example due to volume conduction). 

2. Methods  

2.1. Patients 

All data was acquired from the SAPHIR-trial, detailed information on patient recruitment, data 
acquisition and primary endpoints can be found in the primary article by Scheltens and colleagues 
(Scheltens et al., 2018). In the phase 2a double blinded randomised controlled multicentre SAPHIR-
trial, males and females aged from 50 to 89 years old with MCI to mild dementia due to AD with 
amnestic presentation (NIA-AA 2011 criteria (Albert et al., 2011, McKhann et al., 2011)) with positive 
AD biomarkers (positive amyloid AD CSF markers or Amyloid PET when CSF was not available) were 
included. MMSE was between 21 to 30 at screening. The main exclusion criteria were: other 
significant neurologic diseases that may affect cognition, atypical clinical presentation of MCI and 
mild dementia due to AD, history of seizures within the last 2 years, history of clinically evident 
stroke, other significant abnormalities on MRI, current presence of a clinically important major 
psychiatric disorder, use of other experimental AD medication, any concomitant treatment which 
impairs cognitive function, treatment with an acetylcholinesterase inhibitor or memantine, hypnotics 
during a period of 72 hours prior to EEG recording. For full in- and exclusion criteria see appendix A. 
Patients received 12 weeks of randomly allocated treatment of 800mg PQ912 or placebo twice a day. 
For this EEG analysis both the intention to treat (ITT) and per-protocol (PP) population were 
analysed, however only patients of whom both a baseline and follow-up EEG was available were 
included in both populations. Therefore, no imputation was performed for missing EEG recordings in 
the ITT population. ITT en PP populations were defined in the primary analyses of the SAPHIR trial 
(Scheltens et al., 2018).   
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2.2 EEG recording 

EEG recordings were made, according to a standardised protocol, at baseline and end of treatment at 
12 weeks. On both occasions, 15 minutes of eyes-closed task free EEG was recorded with 21 
electrode positions of the 10–20 system. Patients sat with eyes closed in a slightly reclined chair in a 
sound attenuated room. EEG technicians were alert on keeping the participants awake and to 
minimise artefacts. The following order of channels was used: Fp2/Fp1, F8/F7, F4/F3, A2/A1, T4/T3, 
C4/C3, T6/T5, P4/P3, O2/O1, Fz, Cz, Pz. Sample frequency was at least 200 Hz (to 512 Hz) and 
electrode impedance was kept below 5kΩ. Filter settings were: low passfilter ≤70 Hz, high passfilter 
≥0.5Hz and no notchfilter. For each recording, 5 epochs of 8 to 10.24 seconds were selected by visual 
inspection by a trained EEG researcher. The selection procedure was protocolised and epochs were 
selected based on the absence of artefacts and an alert state of the patient. Artefacts that were 
searched for were pulsation artefacts, electrocardiograph artefacts, sweat artefacts, movement and 
electrode artefacts. Drowsiness was recognised by frontal theta, slow eye movements and 
disappearing of the alpha activity or slowing of the posterior dominant rhythm. 

2.3.1 EEG analyses 

Relative power measures in 5 frequency bands (delta 0.5 – 4Hz, theta 4 – 8Hz , alpha 8 – 13Hz, beta 
13 – 30Hz) and functional connectivity, AEC-c and PLI over each of the separate frequency bands, 
were calculated for each epoch (5 for each patient) and each electrode using the average signal as 
reference. The relative power was estimated by calculating the absolute power from 0.5 to 45Hz by 
Fast Fourier transform and dividing absolute power of the set frequency band by the total absolute 
power. These calculations were performed using the ‘’Brainwave’’ software version 0.9.152.12.26: 
see references for resources. Values were averaged over epochs creating values for each electrode 
for baseline and follow-up visit at patient level. Global relative power and global functional 
connectivity values were calculated by averaging values of all electrodes. Change from baseline was 
calculated by subtracting the baseline values from the follow-up values (i.e. week 12 – week 0 visit).  

2.3.2 Functional connectivity 

Functional connectivity was estimated by AEC-c and PLI in the alpha, beta, theta and delta frequency 
bands separately. The AEC detects relations between channels independent of the phase of the 
signal. It uses the Hilbert transform to create an envelope based on the oscillatory activity of the 
channel. The AEC represents the correlation between the amplitude of the envelopes of two time 
series (Bruns et al., 2000, Zamm et al., 2018) and was calculated after leakage correction (Hipp et al., 
2012). The method of AEC-c calculation was according to the method described by Hipp and 
colleagues (Hipp et al., 2012). Leakage correction was performed by pair-wise orthogonalisation of 
the oscillatory data in the band-filtered time series. This was done in both directions, X to Y and Y to 
X, using the average of both results for the analyses. The orthogonalised data was used to determine 
the AEC per channel creating the AEC-c. To calculate the AEC-c the orthogonalised signal was Hilbert 
transformed to create the analytical signal. The following amplitude envelope of this signal is the 
absolute function of the amplitude of the signal. The correlation between the envelopes of two 
channels X and Y was calculated for each epoch by computing the linear Pearson correlation. To 
adjust for any negative correlations, 1 was added to all values and the successive numbers were 
divided by 2. Global AEC-c was calculated by averaging all 21 channels. The AEC-c ranges from 0 to 1: 
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values close to 0.5 represent no connectivity, values close to 1 represent high connectivity whereas 
values close to 0 represent negative correlations. 

PLI estimates the strength of phase coupling between channels by measuring the asymmetry of the 
distribution of instantaneous phase differences ∆𝜑𝜑(𝑡𝑡) between two signals (Stam et al., 2007). The 
phase differences are estimated by using the Hilbert transform of the signal. Asymmetry of the 
distribution can be explained by coupling of the two channels with a non-zero ‘’lag’’ or phase 
difference between the signals. The distribution of phase differences is typically symmetrical when 
no phase coupling is present or if the median of phase difference centres around 0 mod π (no lag 
between signals). The latter represents either high coupling or spurious leakage (i.e. volume 
conduction). The PLI ranges from values of 0 to 1 representing respectively no to high coupling. The 
PLI gives low values for phase coupling of 0 mod π lag and thereby correcting for volume conduction 
but as a result high coupling values are also removed. A PLI of 1 indicates perfect phase locking at a 
value of ∆𝜑𝜑 different from 0 mod π. The PLI can be obtained according to equation 1, by using a time 
series of phase differences ∆𝜑𝜑(𝑡𝑡𝑘𝑘)ϕ, k = 1 … N. 

𝑃𝑃𝑃𝑃𝑃𝑃 = |< 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠|∆𝜑𝜑(𝑡𝑡𝑘𝑘)| > |         (1) 
 

2.4 CSF, ApoE genotype 

CSF was acquired through lumbar puncture at baseline and follow-up. Levels of amyloid beta 1-42, 
total tau and phosphorylated tau were determined from the CSF (Innotest, Fujirebio). Blood samples 
were taken at screening for ApoE genotyping. Carriage of the ApoE ε4 allele was used as covariate for 
the analyses.  

2.5 Cognitive testing 

Cognitive tests from the CogState battery (Maruff et al., 2009) and Mini-Mental State Examination 
(MMSE) were done at baseline and follow-up. However, only the scores of the One Back Test showed 
a treatment effect in the primary analysis of the SAPHIR study (Scheltens et al., 2018). Therefore, 
only the results of the One Back Test were used in the current analysis. The One Back Test is a 
working memory performance test, lower scores represent higher performance. 

2.6 Statistical analyses 

Differences in patient demographics between intervention groups were analysed using chi-square 
tests or Fisher exact test for dichotomous variables and independent t-tests for continuous variables. 
Global mean functional connectivity at baseline for each frequency band was compared between 
treatment groups by independent t-test for normal distributed values and Mann-Whitney U test 
when a normal distribution was absent. 

Change in global mean functional connectivity was compared between the PQ912 and placebo group 
by independent t-tests. Effect sizes were determined by Cohen’s d using the mean difference in 
change of functional connectivity and the pooled standard deviation. Additionally, two ANCOVA 
models were used to determine global differences between treatment groups adjusted for various 
covariates. For each model, change in functional connectivity between baseline and follow-up was 
used as independent variable. The first model adjusts for covariates determined in the primary 
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analysis of the SAPHIR trial (age, sex, country, presence of the ApoE ε4 allele and baseline global 
mean functional connectivity). Model 2 adjusts for the covariates of model 1 and for change in the 
global relative power band in which the functional connectivity was estimated. Finally, a prediction 
model was made from model 2 by removing non-significant predictors using backward elimination. 
The elimination was done by stepwise removal of predictors with the least significant F-value until 
only predictors with a significance of p<0.05 remained. Backward elimination was repeated with 
stratification for diagnosis (MCI or mild dementia) added as a factor to the model.  

Furthermore, Pearson's correlation coefficients were calculated between the change of functional 
connectivity and the change of global relative power of the subsequent frequency band. Additionally, 
correlation coefficients were estimated between change of any of the significant functional 
connectivity measures from model 1 and the change of the One Back Test score. Regional differences 
in change of functional connectivity, defined by the 21 EEG channels, were explored by independent 
samples t-tests. P-values were corrected for multiple comparisons by false discovery rate (FDR) 
correction (Benjamini and Hochberg, 1995) using a threshold of p<0.05 for the corrected p-value..  

3. Results 

3.1 Baseline characteristics 

EEG baseline and follow-up recordings were available from 103 patients in the ITT population (PQ912 
n= 47; placebo n= 56) and 87 patients in the PP population (PQ912 n=33; placebo n=54). Baseline 
characteristics are shown in table 1. No significant differences in demographic characteristics 
between treatment groups were found in the ITT population. In the PP population the placebo group 
was slightly older (placebo mean = 72.2yr±6.7; PQ912 mean 69.0yr±7.6; p = 0.044). CSF markers 
confirmed the AD profile (Jack et al., 2018) of the patients and did not differ between groups. 
Baseline functional connectivity for each frequency band is shown in appendix B. No significant 
baseline differences were found. 

3.2  Change in global functional connectivity by treatment group 

For each frequency band and both treatment groups the mean change in global functional 
connectivity of the ITT population is shown in table 2. Change of AEC-c in the alpha band differed 
significantly between treatment groups (t = 2.96, p = 0.004). More specifically, it increased in the 
PQ912 treatment group (mean = 0.0085±0.0189) whereas it decreased in the placebo group (mean = 
-0.0047±0.0252). This effect is shown in figure 1. After FDR correction this result remained significant 
(p=0.032). Estimation of the effect size (Cohen’s d = 0.58) indicated a moderate to large effect 
(Cohen, 2013). A similar change of AEC-c was seen in the PP population (PQ912 mean = 
0.0077±0.0188; placebo mean = -0.0052±0.0252; p = 0.013). The AEC-c yielded no significant 
differences in functional connectivity between treatment groups in other frequency bands. The PLI 
did not show significant differences between treatment groups in any of the frequency bands. In the 
following analyses only the results of functional connectivity in the alpha band will be shown due to 
the absence of effect in the other frequency bands. 

After correction for patient demographics (age, sex, country, and presence of ApoE ε4 allele) and 
baseline functional connectivity (ANCOVA model 1), the difference in AEC-c alpha band change 
explained by the PQ912 treatment remained significant (ITT: B = 0.012, SE = 0.004, p = 0.006; PP: B = 
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0.011, SE = 0.005, p = 0.029). Moreover, after additional correction for change in global relative alpha 
power in model 2, change in alpha band AEC-c was still significantly different between treatment 
groups (ITT: B = 0.013, SE = 0.004, p = 0.004; PP: B = 0.012, SE = 0.005, p = 0.017). No significant 
differences between treatment groups were found in other frequency bands or with the PLI as 
outcome measure with model 1 and 2. The results of the ANCOVA analyses using the change in 
functional connectivity in the alpha band are shown in appendix B.  

Table 1: Baseline characteristics of the ITT population. The count and percentage for each categorical 
variable is shown whereas the mean and standard deviation is shown for each continuous variable. 
Dichotomous variables were compared per group by chi-square tests and continuous variables were 
compared per group by independent t-tests. No significant differences between groups were found. 
Abbreviations: SD, standard deviation; MCI, mild cognitive impairment; ApoE, apolipoprotein E; CSF, 
cerebrospinal fluid; Aβ42, amyloid-beta 42; t-tau, total tau; p-tau, phosphorylated tau; MMSE, Mini-
Mental State Examination.   

 

Characteristic  

All  

(n=103) 

Placebo 

(n=56) 

PQ912 

(n=47) 

Female (n, %) 57 (55.3%) 27 (48.2%) 30 (63.8%) 

Age (mean, SD) 71.2 ± 7.2 72.0 ± 6.6 70.1 ± 7.8 

Diagnosis (n,%)    

MCI due to AD 72 (69.9%) 36 (64.3%) 36 (76.6%) 

Mild dementia due to AD 31 (30.1%) 20 (35.7%) 11 (23.4%) 

 

ApoE ε4 allele (n,%) 

   

Present 72 (69.9%) 40 (71.4%) 32 (68.1%) 

 

CSF (mean, SD) 

   

Aβ42 ( pg/mL)  540.2 (115.9) 545.3 (123.0) 534.23 (108.0) 

t-tau ( pg/mL)  761.1 (343.8) 768.9 (340.1) 752.0 (351.6) 

p-tau ( pq/mL)  93.0 (31.9) 94.3 (30.3) 91.4 (34.0) 

 

Cognition (mean, SD) 

   

MMSE (score) 24.8 (3.2) 24.7 (3.4) 24.8 (3.1) 

One Back Test (10log ms) 3.03 (0.13) 3.01 (0.13) 3.04 (0.12) 
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 Table 2: Mean change of functional connectivity reflected by AEC-c and PLI between week 0 and 
week 12 by treatment group in the ITT population. Results of the AEC-c and PLI are shown for each of 
the frequency bands (delta, theta, alpha and beta). Significant differences, estimated by independent 
t-test, between treatment groups are shown by * p<0.05, ** p<0.01. Abbreviations: AEC-c, amplitude 
envelope correlation with leakage correction; PLI, phase lag index; SD, standard deviation. 

Change in functional 

connectivity 

(mean, SD) 

Placebo 

(n=56) 

PQ912 

(n=47) 

 

Delta band (0.5 – 4Hz) 

  

AEC-c 0.0045 ± 0.0231 -0.0011 ± 0.0265 

PLI -0.0072 ± 0.0258 0.0001 ± 0.0221 

 

Theta band (4 – 8Hz)  

  

AEC-c -0.0015 ± 0.0236 -0.0014 ± 0.0210 

PLI 0.0056 ± 0.0304 0.0001 ± 0.0229 

 

Alpha band (8 – 13Hz) 

  

AEC-c -0.0047 ± 0.0252** 0.0085 ± 0.0189** 

PLI 0.0023 ± 0.0494 0.0041 ± 0.0341 

 

Beta band (13 – 30Hz) 

  

AEC-c 0.0001 ± 0.0098 -0.0022 ± 0.0144 

PLI 0.0005 ± 0.0132 -0.0032 ± 0.0119 

 

Backward elimination was used to determine the most important predictors of model 2 for the 
change of the AEC-c and PLI in the alpha frequency band. Using this method the AEC-c remained the 
only measure that observed a significant treatment effect independent of the other predictors. The 
best predictors for the observed change in AEC-c were: PQ912 treatment increased change in AEC-c 
(B = 0.013 p = 0.002), baseline AEC-c negatively correlated with change in AEC-c (B = -0.319, p < 
0.001) and presence of the ApoE ε4 allele increased change in AEC-c (B = 0.010, p = 0.020). The only 
significant predictor for the observed change in PLI was the change in relative alpha power (B = 0.151 
p = 0.018).  

3.3 Regional FC change 

To investigate regional differences between treatment groups, figure 2 shows the mean change of 
AEC-c in the alpha band of the individual EEG channels of each treatment group. In the intervention 
group, the AEC-c increased in most regions, whereas it decreased in the placebo group. The 
difference in change from baseline was significant (p < 0.05) in regions Fp1, Fp2, F7, F3, F4, C3, Cz, 
C4, T5, P3, Pz, P4, T6, and O1. After FDR correction the difference in change from baseline between 
treatment groups was significant (p < 0.05) in regions Fp1, Fp2, C3, Cz, P3, Pz, P4, T6 and O1. 
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3.4 Influence of global relative power 

Correlations between the change of functional connectivity measures in the alpha frequency band 
and change in global relative power were observed by Pearson correlation coefficients. PLI correlated 
with change in global relative alpha (r = 0.233, p = 0.018) and beta (r = -0.266, p = 0.007) but not 
delta (r = -0.021, p = 0.832) or theta (r = -0.036, p = 0.716) power whereas the AEC-c did not correlate 
with change in global relative alpha (r = -0.091, p = 0.362), beta (r = -0.040  p = 0.688), delta ( r = 
0.068, p = 0.496) or theta (r = 0.152  p = 0.124) power.  

3.5 Influence of baseline diagnosis on change in global functional connectivity  
 
To evaluate whether baseline diagnosis (MCI or mild dementia) had an effect on the treatment 
effect, alpha band AEC-c was plotted per diagnosis and intervention group in figure 3. No significant 
group differences were found with baseline AEC-c or PLI in each of the frequency bands. Over 12 
weeks of placebo treatment we observed a decrease of the AEC-c in MCI but not in mild dementia 
patients whereas in the PQ912 group both patients with MCI and mild dementia showed an increase 
of AEC-c. The backward elimination of ANCOVA model 2 was repeated with diagnosis of MCI or mild 
dementia added to the model as a factor and separately as interaction term with the treatment arm. 
No significant effect or interaction of diagnosis on the treatment effect was found. 

3.6 Correlation of functional connectivity with cognition 

To assess whether the observed change in functional connectivity is associated with change in 
cognition, the Pearson correlation between the change in AEC-c and the change in One Back Test 
score (10log ms) was calculated. A negative correlation was found (r = -0.22, R2 = 0.05, p = 0.03) 
indicating that an increase in AEC-c was associated with an improvement in performance on the One 
Back test. 

 

4. Discussion 

The main outcome of this study was that global functional connectivity in early AD, measured with 
AEC-c in the alpha frequency band, improved after 12 weeks of treatment with PQ912. The 
treatment effect was independent of various demographic variables and change in relative alpha 
power. No correlation was found between the observed change in AEC-c and the, previously 
observed (Scheltens et al., 2018), change in global relative theta power in the same trial. 

Previous clinical trials in AD that have assessed drug efficacy with EEG have presented various results 
concerning EEG biomarkers. Trials with drugs for symptomatic treatment, for example 
cholinesterase-inhibitors rivastigmine and donazepil, have shown a decrease in delta and theta 
power (Adler and Brassen, 2001, Adler et al., 2004, Adler et al., 2003, Balkan et al., 2003). Whereas 
treatment with Souvenaid, in a 24 week clinical trial in mild dementia due to AD, showed a significant 
increase in peak frequency. It further showed a decrease in functional connectivity, with PLI in the 
delta frequency band (Scheltens et al., 2012) and improved network measures (clustering coefficient 
gamma and path length lambda) in the beta band (de Waal et al., 2014). Additionally, the primary 
analysis of the SAPHIR trial showed a decrease in global relative theta power after treatment 
(Scheltens et al., 2018). Overall, in several trials, different treatment effects have been observed with 
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multiple oscillatory and functional connectivity EEG measures but, partly due the absence of a 
disease modifying drug in AD and scarce implementation of EEG in clinical AD trials, no consensus 
exists what EEG biomarker to use for the assessment of drug efficacy (van Straaten et al., 2014). 
Therefore our exploratory analysis can provide further insight for potential EEG biomarkers in AD. 

After assessing the AEC-c and PLI in multiple frequency bands, the AEC-c in the alpha frequency band 
proved to be the most sensitive functional connectivity measure in this trial. Global alpha band AEC-c 
increased after treatment with PQ912 whereas it declined in the placebo group. This effect was 
independent of age, sex, gender, country, ApoE ε4 allele carriage, baseline functional connectivity 
and change in relative alpha power. Multiple EEG and Magnetoencephalography (MEG) studies have 
found that functional connectivity, for example measured by PLI, in the alpha frequency band is 
lower in patients with AD compared to healthy patients or patients with subjective cognitive decline 
(Stam, 2010, Yu et al., 2016). But also other functional connectivity markers such as the coherence in 
the alpha and theta band (Besthorn et al., 1994) and AEC-c in the alpha and beta band (Koelewijn et 
al., 2017) have shown to decrease in AD. Our results implicate that PQ912 causes improvement in 
alpha band functional connectivity, whereas the placebo group declined over time due to disease 
progression. The effect size was moderate to large (Cohen’s d= 0.58) and no disease stage specific 
effect was found, as stratification of including baseline diagnosis did not change the results (figure 3).  

In the primary analyses of the SAPHIR trial, a positive effect was found of PQ912 on the global 
relative theta power. Global relative theta power is increased in patients with AD compared to 
healthy controls (Jackson and Snyder, 2008, Jeong, 2004). An increase in relative theta power is an 
indicative EEG measure of clinical progression in AD (Huang et al., 2000, Jelic et al., 2000) and a 
predictor for future cognitive decline in preclinical AD patients (Gouw et al., 2017). Relative theta 
power can therefore be regarded as a highly sensitive and early marker in AD. Interestingly, the 
change of AEC-c in the alpha frequency band was independent of change in relative alpha power and 
was not correlated with the change in global relative theta power. In addition the effect size of 
PQ912 treatment on the AEC-c was stronger than on global relative theta power (Cohen’s d of 
respectively 0.58 and 0.29). Furthermore, an association of the change of the AEC-c with the change 
of the One Back Test score was found. These results imply that the effect of PQ912 on the functional 
connectivity is both relevant and different from the effect on the oscillatory activity. The AEC-c 
therefore has additional value in detecting treatment effects of PQ912 above the previously found 
relative theta power.  

As observed in the regional plots of the AEC-c (figure 2) the treatment effect was seen globally but 
most strongly in the regions covering the parietal cortex. The parietal, specifically the precuneus, and 
posterior cingulate cortex are hallmark regions affected by AD with prominent hypometabolism, 
amyloid beta and tau deposits and grey matter atrophy (Karas et al., 2007, Klunk et al., 2004, 
Ossenkoppele et al., 2012, Whitwell et al., 2007, Xia et al., 2017). These areas are important and 
highly connected hub regions in healthy adults and are vulnerable to AD (de Haan et al., 2012a, Yu et 
al., 2017) with disruption of the parietal network and a decrease of parietal functional connectivity in 
the course of AD (de Haan et al., 2012b, Engels et al., 2015). Therefore the observed improvement in 
functional connectivity of this area could indicate improvement in the disease course.  

The reason why the treatment effect of PQ912 was only observed in the alpha band of the AEC-c is 
possibly due to the prominent changes in alpha band functional connectivity in AD (Besthorn et al., 
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1994, Jeong, 2004, Koelewijn et al., 2017, Stam, 2010). A change in this prominent affected 
bandwidth might be easier to detect. Another hypothesis could be formed from the bandwidth 
sensitivity of the AEC-c. Hipp and colleagues (Hipp et al., 2012) have for example shown that the 
strongest correlations between brain regions with the AEC-c could be found in the alpha and beta 
frequency range. Perhaps the actual changes are not only restricted to the alpha band but it might be 
possible that the limitations of present EEG functional connectivity measurement methods prevent 
us from capturing these effects. This could indicate it is favourable to preselect the desired 
bandwidth in concurrence with the frequency specific sensitivity of the chosen functional 
connectivity measure. Further research to conclude in which frequency band the AEC-c (and other 
functional connectivity measures) is most valid in Alzheimer’s disease is needed to answer these 
questions. 

No treatment effects were found using PLI as a measure of functional connectivity. AEC-c and PLI 
both measure statistical interdependencies between time series but are based on different concepts.  
AEC-c compares amplitude envelopes and detects channel synchronisation independent of the phase 
of the signal (Bruns et al., 2000) whereas the PLI estimates phase-synchronisation (Stam et al., 2007). 
Both methods correct for volume conduction albeit with different methodology. Volume conduction 
can cause over- or underestimation of functional connectivity (Herreras, 2016) and it is therefore 
important to use functional connectivity measures that are corrected for this phenomenon. The AEC-
c corrects for this potential bias by orthogonalisation of the signal prior to the calculation of the AEC 
and the PLI does so by yielding low values for phase differences close to 0 mod π. Because these 
methods are intrinsically different, no immediate conclusion can be drawn why the AEC-c produces a 
significant difference between the treatment groups when the PLI does not. The most plausible 
explanation of the results found in our study would be higher test-retest reliability of the AEC-c 
compared to the PLI. To our knowledge no study has been performed that compares truly 
longitudinal EEG test-retest reliability between the two functional connectivity measures. However, 
higher test-retest concordance of the AEC-c compared to the PLI has been shown within single MEG 
recordings of healthy subjects (Colclough et al., 2016) and between MEG recordings of genetically 
identical twins (Demuru et al., 2017). Another explanation of the sensitivity of the AEC-c could be the 
ability of the method to detect specific or different cortical interactions. The primary publication of 
the AEC by Bruns and colleagues (Bruns et al., 2000) proposed the AEC to be sensitive to long-range 
cortical interactions. Articles comparing the PLI and AEC-c show long-range cortical interactions with 
the AEC-c and show comparable results for the PLI. More specifically, an EEG comparison of the PLI 
and AEC-c by Mehrkanoon and colleagues (Mehrkanoon et al., 2014) describes, for example, similar 
connectivity patterns between the two modalities. In this study, with healthy subjects, the 
relationship between amplitude and phase coupling in source-reconstructed EEG was investigated in 
different sensory and motor cortices. The PLI and AEC-c showed similar correlation patterns in 
homologous ipsilateral areas. Both methods also showed correlations with homologous contralateral 
areas but these correlations where more profound with the PLI. These results were supported by a 
recent article by Tewarie and colleagues (Tewarie et al., 2019) showing similar connectivity patterns 
between amplitude envelope and phase based connectivity measures in MEG recordings of healthy 
subjects. Additionally, the same article shows improved amplitude correlations not to be a mere 
result of improved signal to noise ratio’s as a function of relative power but a real reflection of 
functional connectivity. Taking this knowledge into account, we suggest that the results found in our 
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study were not caused due to the sensitivity to specific functional interactions or change in relative 
power but to the better reliability of the AEC-c compared to the PLI. 

The major strengths of our study design are: a randomised placebo-controlled trial set-up, all 
patients had a positive amyloid signature (PET or CSF), standardised and quality controlled EEG 
recording with central pre-processing, and the use of functional connectivity measures corrected for 
volume conduction. Some points that are needed to take into consideration are for example the 
short study duration of 12 weeks and the multicentre design. The multicentre design causes the EEGs 
to be made on different locations and different EEG systems with different sample frequencies. 
However, baseline and follow-up visit were done on the same system. Thereby the values between 
centres are comparable and extrapolatable by using the change from baseline values.  The focus of 
this phase 2A trial was drug safety and EEG recordings were made at baseline and at follow-up after 
12 weeks while patients were still on treatment. Therefore, the observed functional connectivity 
improvement after PQ912 treatment could be due to transient effects, as for example in 
(anti)cholinergic treatment (Bajo et al., 2015, Klaassens et al., 2017). Based on these results a 
conclusion on whether PQ912 has a disease modifying effect (i.e. a sustained effect on clinical 
progression) on Alzheimer’s disease cannot yet be drawn. Future studies should confirm the current 
results and perform an additional EEG follow-up some time after treatment to assess whether the 
effect is still present.  

5. Conclusion 

Functional connectivity in early AD, measured with AEC-c in the alpha frequency band, improved 
after treatment with PQ912. When correcting for several baseline characteristics and change in 
relative alpha power this effect was still present. No correlation between change in AEC-c and change 
in global relative theta power was found. Change in AEC-c correlated with improvement in 
performance on the One Back Test. These results provide evidence that the AEC-c promises to be a 
sensitive and valid measure for small functional connectivity changes in the setting of medication 
trials. 
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Figures 

Figure 1: Change in AEC-c (in the alpha band) for each individual subject of the ITT population ranked 
by increasing AEC-c change. Blue bars represent patients with PQ912 treatment and grey bars 
placebo treatment. Means and standard deviations of these groups can be seen in table 2. 
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Figure 2: Headplots of the observed change in AEC-c of the alpha band in the placebo group (left) and 
intervention group (right). Red indicates an increase, green no change and blue a decrease. The scales 
next to each plot represent which value corresponds with which colour in the concurrent plot. The 
placebo group shows a global decrease with the lowest values in parietal areas, whereas the 
intervention group shows a global increase which is predominant in the parietal areas.   
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Figure 3: AEC-c boxplots of change in AEC-c (in the alpha band) in MCI (left column) and mild 
dementia (right column) comparing placebo (grey) to PQ912 treatment (blue). Both disease stages 
show an increase in AEC-c after treatment with PQ912 whereas placebo treatment results into no 
change (mild dementia) or a decrease (MCI). 
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Appendix A: In- and exclusion criteria SAPHIR-trial 

INCLUSION AND EXCLUSION CRITERIA  
Eligible subjects will be males and females with MCI due to AD or mild dementia due to AD, as 
specified in the entry criteria below.  
 
INCLUSION CRITERIA  
Firstly, the general Inclusion Criteria which apply to all groups are listed. Secondly, the Inclusion 
Criteria which are group specific are listed.  
General Inclusion Criteria (applicable to Groups 1, 2 and 3)  
A subject must meet ALL of the following criteria to be eligible for this study:  
1. Signed and dated written informed consent obtained from the subject in accordance with local 
regulations.  
2. Male or surgically sterile or postmenopausal female, aged ≥ 50 to ≤ 89 years. Male subjects with 
childbearing potential partners are willing to and should use condoms during study medication 
treatment and until 28 days after the last dose of study medication.  
3. Mini-Mental State Examination (MMSE) score of 21 to 30 inclusive at screening.  
4. A positive AD signature showing one of the following (either a, b, c, OR d):  

a. Screening CSF sample with an A-beta 42 concentration of less than 638 ng/L AND total tau 
>375 ng/L, as assessed by central laboratory.  
b. Screening CSF sample with an A-beta 42 concentration of less than 638 ng/L AND p-tau > 
52 ng/L, as assessed by central laboratory.  
c. Tau/A-beta ratio > 0.52, as assessed by central laboratory.  
d. Positive amyloid PET if available prior to screening.  

 
5. Fluency in local language and evidence of adequate premorbid intellectual functioning in the 
opinion of the  
6. Adequate visual and auditory abilities to perform the cognitive and functional assessments in the 
opinion of the Investigator.  
7. Outpatient with availability of a study partner (age 18 years or older) capable of accompanying the 
subject on all clinic visits. In accordance to Swedish regulations the availability of a study partner is 
not applicable for Sweden.  
8. The subject and study partner are likely to be able to participate in all scheduled evaluations. In 
accordance to Swedish regulations the availability of a study partner is not applicable for Sweden.  
9. In the opinion of the Investigator, the subject and study partner can be compliant with study 
protocol and have a high probability of completing the study. In accordance to Swedish regulations 
the availability of a study partner is not applicable for Sweden.  
10. Diagnosis of MCI due to AD or mild dementia due to AD with amnestic presentation, according to 
AA-NIA criteria (Albert et al., 2011, McKhann et al., 2011):  
11. Screening visit brain MRI scan consistent with the diagnosis of MCI due to AD or mild dementia 
due to AD, as judged by central rater.  
12. Treatment naïve, not having received any prior established specific treatment for MCI due to AD 
or mild dementia due to AD including no (prior) use of an acetylcholinesterase inhibitor or 
memantine. A maximum of two months of prior cumulative treatment is allowed if the 
acetylcholinesterase inhibitor or memantine was discontinued due to intolerance and if this was 
done at least two months prior to baseline.  
 
6.2.2 EXCLUSION CRITERIA  
A subject who meets ANY of the following criteria is not eligible for this study:  
1. Significant neurologic disease, other than AD, that may affect cognition.  
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2. Atypical clinical presentations of MCI due to AD or mild dementia due to AD, such as the visual 
variant of AD (including posterior cortical atrophy) or the language variant (including logopenic 
aphasia).  
 
Concomitant disorders:  
3. History of or screening visit brain MRI scan indicative of any other significant abnormality, 
including but not limited to multiple microhaemorrhages (4 or more, defined as 10 mm or less at the 
greatest diameter), severe white matter hyper intensities (Fazekas score 3), history or evidence of a 
single prior haemorrhage >1 cm3, multiple lacunar infarcts or evidence of a single prior infarct >1 
cm3, evidence of a cerebral contusion, encephalomalacia, aneurysms, vascular malformations, 
subdural hematoma, or space-occupying lesions (e.g. brain tumours).  
4. Current presence of a clinically important major psychiatric disorder (e.g. major depressive 
disorder) as defined by DSM-5 criteria, or symptom(s) (e.g. hallucinations) that could affect the 
subject’s ability to complete the study.  
5. Current clinically important systemic illness that is likely to result in clinically relevant deterioration 
of the subject’s condition or might affect the subject’s safety during the study.  
6. History of clinically evident stroke or history of clinically important and symptomatic carotid or 
vertebrobasilar stenosis or plaque.  
7. History of seizures within the last two years prior to the screening visit.  
8. Weight > 120 kg (264 lb) at screening.  
9. Myocardial infarction within the last six months prior to screening.  
10. History of cancer within the last two years prior to screening, with the exception of any of the 
following conditions: non-metastatic basal cell carcinoma, and squamous cell carcinoma of the skin 
or any other cancer if evidence of no residual cancer has been clinically confirmed within the last six 
months before baseline.  
11. History of uncontrolled hypertension (in the opinion of the Investigator) within six months prior 
to screening.  
12. Other clinically important diseases or conditions or abnormalities of vital signs, physical 
examination, neurologic examination, laboratory results, or ECG examination (e.g. atrial fibrillation) 
that could compromise the study or the safety of the subject.  
13. Haemoglobin level <11 g/dL (6.8 mmol/L) at screening.  
14. Clinically important infection within 30 days prior to screening e.g. chronic persistent or acute 
infection, such as bronchitis or urinary tract infection.  
15. Any known hypersensitivity to any of the excipients contained in the test article formulation.  
16. Severe hepatic failure (Child-Pugh C) OR kidney failure (creatinine clearance (eGFR) ≤ 30 
ml/min/1.73m2) OR serum creatinine above 1.5 fold of ULN OR AST or ALT above 3 fold of ULN at 
screening.  
 
Concomitant Medication/Therapies:  
17. The following therapies are not permitted for the given intervals prior to baseline and until EOT:  
 Anticoagulants (e.g. heparin and vitamin K antagonists) within 30 days prior to baseline.  
 
NOTE: Platelet anti-aggregants (e.g. clopidogrel bisulfate or the use of carbasalate calcium 100 
mg/day, or aspirin 325 mg/day or less) are allowed if they are maintained on a stable dose regimen 
for at least 30 days prior to baseline. The combination of clopidogrel and carbasalate calcium or 
aspirin is not allowed during the time of lumbar puncture.  
- Use of experimental medications for AD or any other investigational medications or devices for 
treatment of indications other than AD within 60 days prior to baseline.  
- Treatment with Souvenaid, except if the use of Souvenaid was discontinued at least two months 
prior to baseline, or if the subject is on stable dose for at least six months prior to baseline and is 
willing to continue the use of Souvenaid during the study on the same dose and frequency.  
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- Treatment with immunosuppressive medications (e.g. systemic corticosteroids in a dose of > 10 
mg/day) within the last 90 days prior to baseline (topical and nasal corticosteroids and inhaled 
corticosteroids for asthma are permitted).  
- Treatment with chemotherapeutic agents for malignancy within the last year prior to baseline.  
- Concomitant treatment with strong inhibitors or moderate inducers of the metabolic enzyme CYP 
2C19 or substrates with narrow therapeutic margin: fluconazole, fluvoxamin, ticlopidin, rifampicin, S-
mephenytoin, repaglinide, phenytoin, phenobarbital and indometacin. A washout phase of at least 
two weeks before baseline is required for subjects having been treated with any of the above 
medicinal products.  
- Concomitant treatment with St. John’s Wort (a wash out phase of at least two weeks prior to 
baseline is required).  
- Any concomitant treatment which impairs cognitive function and cannot be washed out at least 
four weeks prior to baseline.  
 
The following requirements apply to all other medications not intended to treat AD:  
- Subjects must be on stable dose for at least four weeks prior to baseline, except for medications 
which are administered as short courses of treatment (e.g. anti-infective) or which are to be used as 
needed (PRN).  
- Subjects who initiate treatment or undertake dose adjustment with drugs not intended for 
treatment of cognitive impairment during the study may continue in the study if in the opinion of the 
Investigator this will not interfere with study procedures or subject safety.  
 
Other  
18. Blood donation (routine blood donation) in the 90 days prior to screening.  
19. History of alcohol or drug dependence or abuse as defined by DSM-5 criteria within the last two 
years prior to screening.  
20. Presence of pacemakers, aneurysm clips, artificial heart valves, ear implants, CSF shunts, 
claustrophobia, or metal fragments or foreign objects in the eyes, skin, or body that would 
contraindicate a brain MRI scan.  
21. Inadequate venous access to allow multiple blood draws.  
 
22. The following therapies are not permitted for the given intervals prior to baseline and until End-
of-treatment (EOT):  
- Treatment with an acetylcholinesterase inhibitor, memantine, except for an acetylcholinesterase 
inhibitor or memantine in case of clinically relevant worsening of cognitive performance during the 
Double Blind study period.  
- Medications which are central nervous system active and may affect cognitive function are not 
permitted during a period of 72 hours prior to neuropsychological testing (V1, V2 and EOT).  
- Hypnotics are not permitted during a period of 72 hours prior to EEG recording (V1 and EOT).  
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Appendix B: Supplementary tables 

 

 Supplementary table I: Baseline functional connectivity per treatment group. Differences were 
analysed using independent t-tests for the AEC-c and non-parametric Mann-Whitney U tests for the 
PLI. No significant differences were found between treatment groups. 

 
  

 

 

 

 

 

 

 

 

 

 

 

  

Baseline functional 

connectivity 

(mean, SD) 

Placebo 

(n=56) 

PQ912 

(n=47) 

 

Delta band (0.5 – 4Hz) 

  

AEC-c 0.535 (0.031) 0.539 (0.027) 

PLI 0.164 (0.029) 0.159 (0.018) 

 

Theta band (4 – 8Hz)  

  

AEC-c 0.539 (0.022) 0.545 (0.026) 

PLI 0.143 (0.022) 0.148 (0.029) 

 

Alpha band (8 – 13Hz) 

  

AEC-c 0.540 (0.031) 0.535 (0.028) 

PLI 0.185 (0.070) 0.170 (0.061) 

 

Beta band (13 – 30Hz) 

  

AEC-c 0.524 (0.011) 0.527 (0.026) 

PLI 0.077 (0.013) 0.080 (0.018) 
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Supplementary table II: Mean change of functional connectivity reflected by AEC-c and PLI in the 
alpha frequency band between week 0 and week 12 by intervention group. Mean group differences 
between the placebo and PQ912 group were calculated and tested with independent samples t-tests. 
Additional comparisons between treatment groups were done by ANCOVA using age, sex, country, 
presence of ApoE ε4 allele, and baseline value as covariates (model 1) and by a second ANCOVA 
model using the covariates of model 1 and adding change in global relative alpha power as covariate 
(model 2). Significant differences between treatment groups are shown by * p<0.05, ** p<0.01.  
Abbreviations: AEC-c, amplitude envelope correlation with leakage correction; PLI, phase lag index. 

 

 

 

 

 

 

 

 

Functional connectivity 

measure 

Difference 

between 

treatment groups  

(p-value; Cohen’s d) 

Difference 

between 

treatment groups 

model 1 (p-value) 

Difference 

between 

treatment groups 

model 2 (p-value) 

AEC-c 

 

0.0132** 

(0.004;0.58) 

0.0119** 

(0.006) 

0.0127** 

(0.004) 

PLI 0.0019 

(0.828;0.04) 

0.0025 

(0.775) 

0.0046 

(0.605) 
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