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A B S T R A C T   

Objective: Major depressive disorder (MDD) is associated with deficits in working memory. Several cognitive 
subprocesses interact to produce working memory, including attention, encoding, maintenance and manipula-
tion. We sought to clarify the contribution of functional deficits in these subprocesses in MDD by varying 
cognitive load during a working memory task. 
Methods: 41 depressed participants and 41 age and gender-matched healthy controls performed the n-back 
working memory task at three levels of difficulty (0-, 1-, and 2-back) in a pregistered study. We assessed response 
times, accuracy, and event-related electroencephalography (EEG), including P2 and P3 amplitudes, and frontal 
theta power (4–8 Hz). 
Results: MDD participants had prolonged response times and more positive frontal P3 amplitudes (i.e., Fz) 
relative to controls, mainly in the most difficult 2-back condition. Working memory accuracy, P2 amplitudes and 
frontal theta event-related synchronisation did not differ between groups at any level of task difficulty. 
Conclusions: Depression is associated with generalized psychomotor slowing of working memory processes, and 
may involve compensatory hyperactivity in frontal and parietal regions. 
Significance: These findings provide insights into MDD working memory deficits, indicating that depressed in-
dividuals dedicate greater levels of cortical processing and cognitive resources to achieve comparable working 
memory performance to controls.   

1. Introduction 

Major depressive disorder (MDD) has been linked to cognitive im-
pairments across multiple domains, including attention, updating, and 
working memory (Bora et al., 2013; Harvey et al., 2004; Porter et al., 
2003; Rose and Ebmeier, 2006; Snyder, 2013). Working memory is 
essential for maintaining and manipulating multimodal goal-relevant 
information for complex behaviours. Multiple cognitive subprocesses 
are involved in working memory (Owen et al., 2005), including sus-
tained attention to relevant stimuli, encoding stimuli to memory, and 
central executive functions of maintenance and manipulation (i.e. 
updating) (Lepsien et al., 2011; Veltman et al., 2003). The contribution 
of these functions to working memory impairment in depression remains 
unclear. Godard et al. (2012) observed greater deficits to sustained and 

divided attention as well as information processing speed in depressed 
individuals, whereas executive functioning, including updating in 
working memory, was relatively preserved. Christopher and MacDonald 
(2005) found a generalised disruption in working memory performance, 
suggesting a reduced ability to re-allocate attentional resources to the 
current task, in agreement with studies showing impaired vigilance and 
sustained attention (Nilsson et al., 2016; Porter et al., 2003). Chal-
lenging these findings, other studies have reported moderate impair-
ments to both attention and executive functioning (Cotrena et al., 2016; 
Rock et al., 2014), or deficits in maintenance and set-shifting ability 
with no significant impairments to attention and motor performance 
(Grant et al., 2001). 

The relative contribution of attentional and central executive func-
tion deficits can be investigated using the n-back task, which assesses 
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working memory performance over increasing cognitive loads by 
varying the load factor n. At lower levels of cognitive load, this task 
predominantly tests attention, whereas greater cognitive loads place 
increased reliance on higher-order central executive functions such as 
maintenance and updating. An additional benefit of the n-back task is 
the ability to assess working memory processing speed using response 
times for correct responses (Nikolin et al., 2015), and to supplement 
behavioural outcomes with concurrent neurophysiological measures of 
brain activity obtained using electroencephalography (EEG). Despite 
broad use of the n-back task to compare behavioural outcomes between 
depressed and healthy individuals, there is a scarcity of studies that have 
performed similar comparisons using EEG measures to investigate the 
underlying neurobiology. The present study addresses this gap in the 
literature, using EEG to uncover the dysfunctional processes that un-
derlie observed n-back working memory task impairments in 
depression. 

Event-related potentials (ERPs) and time-frequency measures ac-
quired using EEG during the n-back task can further elucidate the 
integrity of specific cognitive subprocesses involved in working mem-
ory. The frontal P2 ERP component has been linked to background 
sustained attention and context updating (Kemp et al., 2006; Luu et al., 
2014; Vilà-Balló et al., 2018; Yuan et al., 2016). The P3 component is 
thought to be generated by the anterior cingulate cortex and the 
dorsolateral prefrontal cortex (DLPFC) (Bénar et al., 2007; Mulert et al., 
2004), key structures for working memory (Owen et al., 2005). P3 
amplitude has been shown to decrease as working memory cognitive 
demands increase in healthy individuals (Dong et al., 2015; Gevins and 
Cutillo, 1993; Han et al., 2013; McEvoy et al., 1998; Watter et al., 2001), 
and may reflect neural inhibition of task-irrelevant cortical activity 
(Polich, 2007). Both P2 and P3 amplitudes correlate positively with 
working memory performance in healthy participants (Dong et al., 
2015; Gevins and Smith, 2000; Nikolin et al., 2018). Comparisons of 
depressed participants to healthy controls using an auditory oddball 
paradigm, which is similar to the 0-back task, have shown prolonged P3 
latencies (Vandoolaeghe et al., 1998; Zhou et al., 2019) and reduced P3 
amplitudes (Bruder et al., 2009; Zhou et al., 2019). Similar comparisons 
performed during a Sternberg short-term memory task revealed atten-
uated late postitive potential ERPs in depressed participants, which was 
exacerbated under more difficult task conditions (Pelosi et al., 2000). 

Frontal midline theta (4–8Hz) oscillations, originating from the 
anterior cingulate cortex, have also been shown to increase with 
working memory load (Brookes et al., 2011; Gevins et al., 1997; Jensen 
and Tesche, 2002; Krause et al., 2000; Lei and Roetting, 2011), although 
this effect is not consistently observed (Dong et al., 2015; Scharinger 
et al., 2017). Frontal theta is thought to reflect continuous processes 
such as maintenance and manipulation of memory items (Pesonen et al., 
2007; Tesche and Karhu, 2000), and may be a marker of information 
coding (Kahana et al., 2001). Therefore, frontal theta is a sensitive 
measure to detect functional abnormalities to working memory pro-
cesses during the n-back task, which requires continuous and ongoing 
maintenance of stimuli in memory (Schmiedt et al., 2005). 

To clarify the pattern of cognitive deficits that contribute to reduced 
working memory performance in MDD, we investigated behavioural and 
EEG measures during the n-back task in a preregistered study (Nikolin 
et al., 2020). We varied the load factor n from 0 to 2 to distinguish be-
tween deficits of attention and executive functioning. Based on findings 
from prior meta-analyses showing moderate working memory impair-
ments in depression (Bora et al., 2013; Snyder, 2013), we hypothesised 
that n-back task performance, measured using response time and accu-
racy, would be worse in MDD participants compared to healthy age- and 
gender-matched controls. Further, we expected a greater discrepancy in 
performance as cognitive load on the n-back task increases, indicative of 
impairments to central executive functioning. These hypothesis were 
based on behavioural results, as we were unable to identify any litera-
ture of EEG comparisons of the n-back task between MDD and healthy 
participants. As P2 and P3 amplitudes, and frontal theta, are positively 

correlated with working memory performance (Brzezicka et al., 2019; 
Dong et al., 2015; Gevins et al., 2000; Nikolin et al., 2018), we 
hypothesised that these measures would be reduced in MDD patients 
relative to controls. 

2. Methods 

2.1. Participants 

A meta-analysis of working memory impairment in MDD estimated 
an effect size of Cohen’s d = 0.63 using the n-back task (Snyder, 2013). A 
power analysis suggested a sample size of n = 40.5 participants per 
group would be required to detect this effect (using α = 0.05, and power 
1-β = 0.8). Hence, we recruited 41 MDD participants and 41 age- and 
gender-matched healthy controls for a total of 82 participants. This 
cohort has previously been investigated in a study of emotional reac-
tivity in depression (Nikolin et al., 2020). All participants gave written 
informed consent, and the study protocol was approved by the Univer-
sity of New South Wales (UNSW) Human Research Ethics Committee 
(HC16617). 

Depressed participants were recruited from individuals who took 
part in one of several research trials conducted at the Black Dog Insti-
tute, Sydney - Australia, or from those that attended depression clinics at 
our institute as outpatients. They were assessed by an experienced study 
Psychiatrist and had to meet DSM-5 criteria for a current MDD diagnosis 
(American Psychiatric Association, 2013), as well as score ≥ 20 on the 
Montgomery–Åsberg Depression Rating Scale for depressive symptoms 
(Montgomery and Asberg, 1979). 

Healthy controls were recruited through research volunteer regis-
tries of the University of New South Wales (UNSW) School of Psychology 
and the Black Dog Institute. Healthy control participants were eligible to 
participate if they had no current or past psychiatric disorders and were 
selected to be the same gender and within five years of age of the 
matched MDD participants since these factors have previously been 
shown to influence the latency, amplitude, and topography of ERP 
components (Kayser et al., 2000; Oliver-Rodriguez et al., 1999; Renfroe 
et al., 2016). 

Shared inclusion criteria for both MDD and control participants 
included normal or corrected-to-normal vision, aged 18 years and 
above, no recent serious head injury in the last 12 months (e.g. loss of 
consciousness of more than 30 min), no neurological condition (e.g. 
stroke, epilepsy), no history of drug or alcohol dependence in the last 
three months, not pregnant or possibly pregnant, and an ability to 
cooperate with the EEG procedure (e.g. no tremor). All participants 
completed the 21-item self-reported Depression, Anxiety and Stress 
Scale (DASS; Lovibond and Lovibond 1995). Additionally, control par-
ticipants were excluded if they had a current psychiatric diagnosis. 

2.2. Procedure 

The visual n-back working memory task, adapted from Mull and 
Seyal (2001), was administered via Inquisit software (Version 5, Milli-
second Software). Participants were presented a series of letters (A–J) 
each flashing on the screen for 500 ms with an interval of 1500 ms be-
tween letters. The task was presented for approximately three minutes, 
comprising 20 target stimuli and 60 distractor cues, at each level of task 
difficulty (0-, 1-, and 2-back). Participants pressed the spacebar on a 
standard keyboard whenever they saw the letter ‘A’ (0-back), a letter 
matching the one before it (1-back), or a letter matching the one two 
letters previously (2-back), as quickly and as accurately as possible. 
Participants were given the opportunity to practise the 2-back task for 
one minute prior to starting the experiment. This was repeated as 
necessary to ensure task instructions were understood. Task perfor-
mance was assessed using response time (RT) for correct responses and 
d-prime, a measure of discriminative sensitivity (Haatveit et al., 2010). 
D-prime was calculated using a z-score transformation of the difference 

S. Nikolin et al.                                                                                                                                                                                                                                  



Journal of Affective Disorders 295 (2021) 559–568

561

between the percentage of correct responses and incorrect responses (i. 
e. false alarms). 

2.3. Electroencephalography data acquisition and processing 

EEG data was acquired using a TMSi Refa amplifier (TMS Interna-
tional, Oldenzaal, Netherlands) with a 64-channel setup and a sampling 
rate of 1024 Hz. Data processing and analysis was conducted using the 
Fieldtrip open-source toolbox (Oostenveld et al., 2011) and 
custom-developed MATLAB scripts (v.R2019a; MathWorks). 

EEG data was preprocessed using a Butterworth infinite impulse 
response (IIR) digital filter to remove 50 Hz electrical line noise. 
Following this, a second-order band-pass filter with cut-offs of 0.5 and 
70 Hz was used to remove high and low frequency noise generated from 
head movements and muscle activity. EEG data was then segmented into 
trials, beginning 0.5 s before stimulus onset and continuing for 1.5 s 
following stimulus presentation. Trials with large noise artefacts were 
initially rejected using an automated procedure and were then visually 
inspected to identify and remove any remaining noisy trials and/or 
channels. Smaller, non-cortical physiological activity (e.g. cardiac, 
muscle, ocular) and non-physiological activity (e.g. environmental 
noise, movement) was removed using an Independent Components 
Analysis (ICA) algorithm (Delorme et al., 2007; Hyvärinen et al., 2001; 
Makeig et al., 1996). ICA was performed using the default runica func-
tion implementation in Fieldtrip. Finally, the cleaned data was 
re-referenced to the common average reference. 

2.3.1. Event-related potentials 
The minimum number of trials needed to generate reliable ERP 

components varies, but is estimated to be greater than 30 (Rietdijk et al., 
2014), or at least 60 (Huffmeijer et al., 2014), for P2 and P3 compo-
nents. Therefore, to obtain an adequate number of trials, ERPs were 
constructed by averaging target letters and distractors combined (Kao 
et al., 2020; Zhang et al., 2017; Zhao et al., 2017). This was done 
separately for each level of task difficulty. ERPs were baseline-corrected 
to the mean amplitude from 500 to 0 ms prior to stimulus onset. 

Neuroimaging studies suggest that depression is characterised by 
dysfunctional activity within frontal regions (Kaiser et al., 2015; May-
berg, 2003; Nord et al., 2020; Wang et al., 2015). As such, P2 and P3 
components were assessed at frontal EEG channel Fz (Nikolin et al., 
2020). The amplitude of these components was determined by 
computing grand average ERPs for all participants (i.e. MDD and con-
trols) and all n-back task difficulty levels combined, and isolating the 
mean latency for P2 and P3 components within a range of 95–195 ms, 
and 325–425 ms, respectively (Nikolin et al., 2018). The average 
amplitude was then calculated in a time interval ±10 ms of the grand 
average latencies for P2 and P3 components. The ERP component la-
tencies were identified as 142 ms for P2 (interval for averaging: 132–152 
ms), and 362 ms for P3 (interval for averaging: 352–372 ms). 

2.3.2. Time-frequency analysis 
Time-frequency power was calculated in single-trial data and then 

averaged across all trials, i.e. target letters and distractors combined. 
Frontal theta was calculated at each level of task difficulty using a 
Hanning taper with a fixed 500 ms time window. Theta event-related 
synchronisation (ERS) was defined as power in the theta frequency 
band (4–8 Hz) in the time interval from 100 to 500 ms following stim-
ulus onset. We used a collapsed localiser approach (Cohen, 2014; Luck 
and Gaspelin, 2017), blind to group condition, to select the time inter-
val. First, we computed the grand-average time-frequency event-related 
synchronisation/desynchronisation for all participants (i.e. MDD and 
controls) and then visually selected time windows that contained the 
largest power changes for the theta frequency band. This method allows 
the time interval of interest to be defined without bias. 

Theta ERS was baseline-corrected using activity from 500 to 0 ms 
prior to stimulus onset and transformed into a decibel scale (10*log10 of 

the signal). 

2.4. Statistical analyses 

Mixed effects repeated measures models (MRMMs) were performed 
using SPSS software (IBM SPSS Statistics 25 for Windows; SPSS Inc.). 
MRMMs included the fixed factors of Group (MDD or controls), Diffi-
culty (0-, 1-, and 2-back task levels), and their interaction (Group ×
Difficulty). ‘Participant’ was included as a random effect. Covariance 
matrices were selected by identifying the covariance structure resulting 
in the lowest Bayes information criterion (BIC). 

Working memory has been shown to vary with age (Gajewski and 
Falkenstein, 2018), gender (Speck et al., 2000), and anxiety levels 
(Moran, 2016). Thus, the covariates of age, gender, and anxiety – esti-
mated from the anxiety subscore of the DASS – were tested sequentially 
and incorporated into MRMMs if found to substantially improve fit. 
Model fit was estimated using the BIC under maximum likelihood con-
ditions. Once final MRMMs were constructed, results were obtained 
under restricted maximum likelihood conditions. 

Post-hoc pairwise comparisons were conducted to determine the 
direction of the effect. Cohen’s d effect sizes and 95% confidence in-
tervals are reported as specified in our preregistration document 
(Nikolin et al., 2020). We tested whether the data and model residuals 
violated normality conditions using visual inspection and diagnostic 
tests of normality (i.e. Kolmogorov-Smirnov and Shapiro-Wilk tests). 

Exploratory non-parametric cluster-based permutation tests were 
performed on ERP and time-frequency data at each level of task diffi-
culty. This method controls for the family-wise error rate while per-
forming statistical comparisons across a large spatiotemporal parameter 
space (Maris and Oostenveld, 2007; Pernet et al., 2015). Trials were 
randomly permuted in 3000 iterations using the Monte Carlo method. 
Permutation testing was performed using data from all EEG channels 
within the time interval 0–1000 ms from stimulus onset. The resultant 
distributions were statistically compared between MDD and control 
participants using non-parametric independent samples t-tests and a 
two-tailed significance threshold of α < 0.05. Statistically significant 
clusters comprised of at least two neighbouring channels. 

Source localisation, performed using the Brainstorm toolbox (Tadel 
et al., 2011), determined the location of cortical sources that differed 
between MDD and healthy participants during the 1-back and 2-back 
tasks. We firstly generated a grand-average ERP of the difference be-
tween MDD and control participants across all channels. The noise 
covariance was then calculated based on the time interval -500 to -1 ms 
preceding n-back task stimulus onset. A head model consisting of 15,002 
dipoles was constructed using Open MEEG software (Gramfort et al., 
2010; Kybic et al., 2005) and the default anatomy template provided by 
Brainstorm of the International Consortium for Brain Mapping 
(ICBM-152). Electrode positions were defined using the standard 
BrainProducts EasyCap M1 template. Inverse solutions were computed 
using minimum norm imaging to calculate current density maps with 
unconstrained source orientations to minimise assumptions. 

All scripts used for Inquisit delivery of the n-back tasks, statistical 
analyses, and EEG processing using MATLAB are available at the 
following link: https://github.com/snikolin/MDDvsCTRL_NBACK. 

3. Results 

A total of 41 MDD participants (age range 21–76) and 41 age- and 
gender-matched healthy controls (age-range 21–77) were included in 
the study. Demographic characteristics of both groups are shown in 
Table 1. One MDD participant’s responses were not logged during the 1- 
back task due to a technological malfunction. The participant’s RT and 
d-prime scores for the 1-back task were therefore excluded from statis-
tical analyses. Responses for the 0- and 2-back tasks were unaffected and 
so were included. 
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3.1. Behavioural results 

Clear differences in performance were observed between task loads 
(Fig. 1). Most participants made little or no errors during the 0-back 
task, resulting in observable ceiling effects for d-prime scores. D-prime 
decreased with task load, which was confirmed by the MRMM results 
showing a significant main effect of Difficulty (F(2, 80.4) = 33.03; p <
0.001). There was no main effect of Group (F(1, 82.7) = 2.87; p = 0.09), 
and no Group × Difficulty interaction (F(2, 80.4) = 1.79; p = 0.17). Effect 
sizes showed differences in the expected direction with depressed 

individuals demonstrating greater reductions in accuracy relative to 
controls with increased load (0-back task Cohen’s d = 0.00; 1-back task 
Cohen’s d = 0.25; and 2-back task Cohen’s d = 0.33; Table S1). Cova-
riates of age, gender, and anxiety-level did not improve model fit, and 
were not incorporated into the MRMMs. 

Response times increased with increasing task load, as reflected by a 
significant main effect of Difficulty (F(2, 97.4) = 101.09; p < 0.001). The 
main effect of Group was significant (F(1, 83.1) = 6.74; p = 0.01), indi-
cating prolonged response times for correct responses in MDD partici-
pants compared to controls. The Group  × Difficulty interaction effect 
was not significant (F(2, 97.4) = 2.68; p = 0.07). Differences between 
groups were in the hypothesised direction, i.e. slower response times in 
MDD with increased load (0-back task Cohen’s d = 0.32; 1-back task 
Cohen’s d = 0.61; and 2-back task Cohen’s d = 0.45; Table S1). 

The data and model residuals showed signs of violations to the 
assumption of normality. Hence, we also performed multiple non- 
parametric Mann-Whitney U tests to compare MDD and control partic-
ipants across all n-back levels. These had similar findings to MRMM 
results, despite violations of normality (see Table S2). Briefly, no sig-
nificant differences were observed in d-prime between MDD and control 
groups for all n-back task loads. A statistically significant difference for 
response times was found only for the 1-back condition when controlling 
the false discovery rate. 

3.2. Electroencephalography results 

The number of components rejected during ICA was similar between 
MDD (9.2; SD = 3.5; 2-17) and control participants (7.9; SD = 3.7; 1-17). 
With the exception of one individual with noisy EEG data from the MDD 
cohort, in which only 20, 18, and 50 trials could be retained for 0-, 1-, 
and 2-back trials, respectively, the remaining participants had a mini-
mum of 50 out of 80 trials (63%) and a minimum of 61 out of 64 elec-
trode channels available for ERP calculations for each n-back task load 
condition (Table S3). To confirm that the MDD participant with a low 
number of trials did not influence our findings we performed a sensi-
tivity analysis by excluding this individual and repeated our statistical 
analyses. This exclusion did not substantively change our statistical 
findings (Table S4). 

3.2.1. Event-related potentials 
ERPs obtained from frontal midline channel Fz revealed a typical 

response pattern for the n-back task, including several discernible 
components (N2, P2, and P3) followed by a return to baseline activity 
(Supp Fig. S1). 

The MRMM revealed a significant main effect of Difficulty for P2 
amplitude (F(2, 159.0) = 5.39; p = 0.005), indicating greater amplitudes 
with increased n-back task load. However, the main effect of Group (F(1, 

81.7) = 0.27; p = 0.61) and the Group × Difficulty interaction (F(2, 159.0) 
= 0.77; p = 0.46) were not significant. Follow-up Mann-Whitney U tests 
were performed to account for observed violations to assumptions of 
normality and confirmed the absence of a main or interaction effect of 
Group (see Table S2). 

Analysis of P3 amplitudes revealed that the main effect of Difficulty 
(F(2, 136.2) = 1.88; p = 0.16) and the Group × Difficulty interaction effect 
(F(2, 136.2) = 0.15; p = 0.86) were not significant. The main effect of 
Group (F(1, 80.9) = 8.92; p = 0.004) was significant. Contrary to our 
preregistered hypothesis, we observed increased P3 amplitudes in MDD 
participants compared to controls for the 0-back (Cohen’s d = 0.55), 1- 
back (Cohen’s d = 0.56), and 2-back tasks (Cohen’s d = 0.68; Table S1). 
Non-parametric Mann-Whitney U tests revealed a significant difference 
in P3 amplitudes between groups for the 2-back task only (p = 0.004) 
when controlling the false discovery rate (Table S2). Although an effect 
of Difficulty was not present for P3 amplitudes at our region of interest 
(Fz), re-analysis of amplitudes obtained from parietal channel Pz shows 
the expected amplitude reductions with increased Difficulty ((F(2, 139.3) 
= 19.7; p < 0.001; see Supplementary Materials). 

Table 1 
Demographic and clinical information for MDD and control participants. Means 
and standard deviations (SD) are shown for continuous measures, and frequency 
counts for categorical measures.   

MDD Controls 

Age (years) 46.3 (13.2) 46.0 (13.9) 
Education (years) 15.8 (3.6) 17.3 (3.6) 
Gender (females/males) 15/26 15/26 
TRD (yes/no) 32/9 - 
Concurrent antidepressants (yes/no) 31/9 - 
SSRI 6 - 
SNRI 7 - 
TCA 8 - 
MAOI 4 - 
Other 6 - 
MADRS 29.6 (5.0) - 
DASS Depression 33.7 (7.1) 4.2 (5.2) 
DASS Anxiety 11.0 (9.7) 3.3 (4.5) 
DASS Stress 21.3 (9.5) 6.8 (5.5) 
DASS Total 66.5 (19.7) 14.2 (12.9) 

MDD: Major Depressive Disorder; TRD: Treatment-Resistant Depression – 
Defined as failure to respond to at least two adequate courses of antidepressant 
medication; SSRI: Selective serotonin reuptake inhibitor; SNRI: Serotonin- 
norepinephrine reuptake inhibitor; TCA: Tricyclic antidepressant; MAOI: 
Monoamine oxidase inhibitor; MADRS: Montgomery-Asperg Depression Rating 
Scale (Montgomery et al., 1979); DASS: 21-item Depression, Anxiety and Stress 
Scale (Lovibond et al., 1995). DASS scores were not available for two MDD 
participants. 

Fig. 1. N-back task scatterplots of behavioural outcomes. Black lines show the 
mean, red lines show the median, light grey shaded boxes indicate the 95% 
confidence interval, and dark grey regions indicate the standard deviation. 
Several MDD and control participants attained the maximum d-prime score 
(4.35), indicative of a ceiling effect. MDD: Major Depressive Disorder. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Exploratory cluster-based permutation tests were used to compare 
MDD and control participants for ERPs at each level of the n-back task. 
Significant frontoparietal clusters were identified for ERPs during the 1- 
and 2-back tasks, but not the 0-back task (Fig. 2). The time interval for 
the significant 1-back cluster was 267–454 ms, and 164–492 ms for the 
significant 2-back cluster. 

Source localisation of grand-average difference ERPs showed areas of 
heightened activity in depressed individuals corresponding to visual 
language centres, including bilateral occipitotemporal regions, and 
prefrontal regions associated with executive functioning, including the 
dorsomedial prefrontal cortex and frontal pole (Fig. 3). 

3.2.2. Time-frequency response 
Time-frequency power showed several features consistent with 

cortical activity obtained during an n-back task: attenuation of alpha 
(8–12 Hz) activity, early beta (12–30Hz) event-related desynchroniza-
tion associated with motor cortical activation in preparation for a 
response, post-movement beta-rebounding beginning at ~600 ms 
(Pesonen et al., 2007), and a prominent post-stimulus increase in frontal 

theta power within the time interval of interest (Fig. 4). 
MRMM results for frontal theta event-related synchronisation 

revealed a significant main effect of Difficulty (F(2, 160.0) = 4.89; p =
0.01). Pairwise comparisons identified a significant increase in theta 
from 0- to 1-back tasks (mean difference = 0.23; 95% CI = 0.05 – 0.41; p 
= 0.014; Cohen’s d = 0.27), and a significant decrease in theta from 1- to 
2-back tasks (mean difference = -0.27; 95% CI = -0.45 – -0.09; p =
0.004; Cohen’s d = -0.32). There was no significant difference in theta 
values between 0- and 2-back tasks (mean difference = -0.04; 95% CI =
-0.22 – 0.14; p = 0.683; Cohen’s d = -0.05). Main effects of Group (F(1, 

80.0) = 0.81; p = 0.37), and the Group × Difficulty interaction (F(2, 160.0) 
= 1.09; p = 0.34) were not significant. Mann-Whitney U tests were not 
significant. Cluster-based permutation tests revealed no significant 
clusters for time-frequency comparisons (p > 0.05). 

The majority of MDD participants were on stable doses of standard- 
of-care maintenance antidepressants at the time of the data collection 
(77.5%; Table 1). There is some evidence to suggest that long-term an-
tidepressant use may alter cognitive functioning (McClintock et al., 
2010). To determine whether antidepressant use altered our results, we 

Fig. 2. Event-related potentials (ERPs) 
during the n-back task. ERPs were 
generated by averaging brain activity 
for target and distractor stimuli at a 
midline frontal channel (Fz – circled in 
red). ERPs are displayed with boot-
strapped 95% confidence intervals and 
with the time interval used to calculate 
P2 and P3 components shaded in light 
grey. Topographical plots of the differ-
ence between MDD and control partici-
pants are plotted above the time series. 
Cluster-based permutation tests were 
used to identify significant clusters – 
electrodes forming the significant clus-
ters are marked in black, and the sig-
nificant time interval identified by 
analyses is indicated using the red bar. 
Regarding scatterplots, the black lines 
show the mean, red lines show the me-
dian, light grey shaded boxes indicate 
the 95% confidence interval, and dark 
grey regions indicate the standard de-
viation. (A) 0-back task ERP. (B) 1-back 
task ERP. Cluster-based permutations 
revealed a significant cluster occurring 
279 – 437 ms post-stimulus, indicated in 
red. Topographical difference plots are 
displayed at 280, 360, and 440 ms. (C) 
2-back task ERP. Cluster-based permu-
tations revealed a significant cluster 
occurring 164–492 ms post-stimulus. 
Topographical difference plots are dis-
played at 200, 280, 360, and 440 ms. 
MDD: Major Depressive Disorder. (For 
interpretation of the references to color 
in this figure legend, the reader is 
referred to the web version of this 
article.)   
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performed additional MRMM analyses introducing ‘Antidepressants’ as 
a binary (yes/no) categorical covariate for all outcome measures. These 
confirmatory analyses show that results do not substantively change 
with the inclusion of Antidepressants with the exception of response 
time measures, which no longer show a significant main effect of Group 
(p = 0.10; Table S5). Follow-up analyses comparing response times 
between MDD individuals taking antidepressants with those not taking 
any antidepressants shows no difference in latency (p = 0.98). This 
suggests that the loss of statistical significance for the main effect of 
Group may be due to a reduction in statistical power associated with the 
inclusion of an additional variable in the model, rather than due to 
medication effects slowing response times. 

4. Discussion 

We investigated the cognitive deficits underlying reduced working 
memory performance in depressed individuals using the n-back task. 
Performance accuracy did not differ between MDD participants and age- 
and gender-matched healthy controls for all n-back task levels. 
Depressed individuals showed significantly prolonged response times, 
suggestive of generalised psychomotor slowing. EEG analyses revealed 
more positive midline frontal P3 amplitudes in MDD relative to control 
participants for the most difficult 2-back condition, in the direction 
opposite to our preregistered hypothesis. Exploratory permutation an-
alyses confirmed these effects, revealing a significant cluster consisting 

of frontal and parietal channels at around ~300 ms for the 1-back and 2- 
back conditions. P2 amplitude and theta ERS did not significantly differ 
between groups. Collectively, these findings suggest that depressed in-
dividuals suffer from deficits to neural efficiency within the frontopar-
ietal working memory system and a generalised reduction in processing 
speed. 

The present study examined performance at multiple cognitive loads 
and found no significant difference between MDD and control partici-
pants for accuracy for all levels of the n-back task (0-, 1- and 2-back), 
suggesting that overall working memory performance is relatively 
well-preserved in MDD participants. However, it is important to note 
that a lack of significant differences does not demonstrate that differ-
ences are absent. Indeed, the small effect sizes for reduced mean d-prime 
scores on 1- and 2-back tasks (d = 0.25 and d = 0.33, respectively; 
Table S1) could indicate that depressed participants had impaired ac-
curacy, but that the effect size was too small to detect with the current 
sample. These smaller effect sizes may have occurred due to insuffi-
ciently challenging task loads. For example, Harvey et al. (2004) re-
ported significantly reduced accuracy at higher difficulty levels (i.e. the 
1-, 2- and 3-back), but no difference on the attentional 0-back in a 
sample of 22 MDD participants. Additionally, ceiling effects were 
observed for 0- and 1-back tasks in both participant cohorts, which may 
have impaired attempts to discern differences in accuracy. More chal-
lenging task loads (e.g. 3-back task) may therefore be warranted. 
However, these can reduce accuracy rates to a level that would 
compromise the ability to generate representative EEG outcomes of 
working memory processes engaged during the n-back task. Further, a 
recent meta-analysis has found that 1- and 2-back cognitive loads are the 
most discriminating for accuracy performance differences between 
healthy and depression participants (Nikolin et al., 2021). Interestingly, 
Rose et al. (2006) also compared n-back performance from 20 
non-psychotic MDD participants with controls and found significantly 
reduced accuracy at lower difficulty levels (i.e. the 0-, 1- and 2-back) but 

Fig. 3. Source estimation for P3 amplitude differences during the n-back task. 
We performed source localisation of the ERP difference between depressed and 
healthy participants at 362 ms (i.e., the grand average latency for the P3 
component) using Open MEEG and minimum norm imaging with unconstrained 
dipoles. Highlighted regions depict brain areas where depressed participants 
had greater cortical activation compared to controls. That is, the figure displays 
the likely source configurations of observed significant ERP differences, rather 
than areas of statistically significant differences in activity. The image displays 
cortex viewed from left, right, top, and front-facing directions. 

Fig. 4. Time-frequency outcomes during n-back task. Task-related time-fre-
quency power was generated by averaging brain activity for target and dis-
tractor stimuli. Time-frequency plots show activity at a midline frontal channel 
(Fz) for the average of all n-back task loads. The white box indicates the region 
of interest for theta (4–8Hz) event-related synchronisation within a time in-
terval of 100–500 ms. Regarding scatterplots, the black lines show the mean, 
red lines show the median, light grey shaded boxes indicate the 95% confidence 
interval, and dark grey regions indicate the standard deviation. MDD: Major 
Depressive Disorder. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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no difference on the 3-back task, suggesting that easier task loads are not 
entirely compromised by ceiling effects. 

Analysis of response times revealed that MDD participants were 
significantly slower than control participants, and that this effect was 
relatively consistent across cognitive loads (i.e. the interaction effect 
was not significant). Prolonged responses times are in agreement with 
previous n-back studies (Rose et al., 2006), and meta-analyses (Ahern 
and Semkovska, 2017; Lee et al., 2012; White et al., 1997), suggesting a 
moderate degree of psychomotor retardation in participants with MDD 
and supporting its inclusion as one of the core features of depressive 
symptomatology (Bennabi et al., 2013). Previous research has found 
that MDD deficits in psychomotor speed may be associated with reduced 
white matter integrity in the motor system (Walther et al., 2012), 
decreased motivational drive (Treadway et al., 2012), and/or hypo-
activity in left prefrontal regions at rest (Baeken et al., 2010; Cantisani 
et al., 2015). A potential confound to findings of prolonged response 
times is that depressed participants were allowed to be on stable ongoing 
antidepressant medications, similar to other studies using this cohort 
(Damborská et al., 2019; Murphy et al., 2019; Noda et al., 2018). It is 
possible that ongoing medications may have influenced response la-
tencies, although statistical comparisons found no differences between 
medicated and unmedicated depressed participants. Though reassuring, 
this cannot exclude the possibility that antidepressants played a role in 
the current prolonged response time findings and, if so, in which di-
rection. For example, whilst some reports suggest that antidepressants 
may prolong response times in depressed participants (Gorenstein et al., 
2006; Van Laar et al., 2002), this effect is not consistently observed 
(Buyukdura et al., 2011), with a recent meta-analysis concluding that 
medications may instead have a positive effect on psychomotor speed 
(Rosenblat et al., 2016). Further, the effect may differ depending on the 
antidepressant medication involved and the dosage. The impact of 
medications on depression studies is a well-known confound, one that is 
difficult to remove. The current study adopted a real-world, pragmatic 
design, as requiring participants to wean off medications would likely 
have worsened their clinical condition and may have placed them at 
risk, including risk of suicide. The withdrawal of medication may itself 
alter neurochemistry, also confounding neurophysiological results. 
Recruitment of medication naïve or untreated patients was not feasible 
in this study setting. 

Neither P2 amplitude, nor theta ERS, differed between MDD and 
control participants for all levels of the n-back task. P2 is thought to 
reflect background sustained attention (Kemp et al., 2006; Luu et al., 
2014; Vilà-Balló et al., 2018; Yuan et al., 2016), whereas theta ERS has 
been associated with coordination of ongoing brain activity (Sauseng 
et al., 2010), including organisation of sequential items in working 
memory (Hsieh et al., 2011; Roberts et al., 2013). A recent study noted 
reduced task-related theta in MDD participants during time-intervals 
typically associated with encoding and maintenance (Murphy et al., 
2019), however, this was not observed in the present study. This may be 
due to their use of the Sternberg verbal working memory task, which has 
temporally distinct phases of encoding, maintenance, and information 
retrieval, in contrast to the n-back task, which requires participants to 
perform these functions simultaneously and continuously. Taken 
together, we did not find evidence to suggest that the cognitive sub-
processes indexed by neurophysiological measures P2 and theta ERS, 
sustained attention and maintenance, respectively, were substantively 
different between MDD and control groups. 

We observed a significant increase in frontal P3 amplitude for MDD 
participants compared to controls, contrary to our preregistered hy-
pothesis of a decrease in amplitude. This discrepancy may reflect the 
lack of empirical research available at the time of preregistration to 
formulate a more evidence-based prediction for P3 amplitudes. 
Although a large body of literature supports P3 amplitude reductions in 
depression during the auditory oddball task (Bruder et al., 2009; Cam-
panella et al., 2012; Tenke et al., 2010; Zhao et al., 2010; Zhou et al., 
2019), there is a scarcity of EEG evidence for the more complex n-back 

working memory task. The P3 component sourced during oddball and 
n-back tasks is likely to reflect differing underlying electrophysiological 
processes. In particular, P3 obtained during the n-back task is associated 
with higher-order central executive functions, including maintenance, 
updating, and cognitive control. During working memory tasks, the P3 
ERP component is thought to reflect cognitive control, including 
goal-directed action selection (Barcelo et al., 2006; Kok, 2001; Krom-
pinger and Simons, 2011; Periáñez and Barceló, 2009; Picton, 1992) and 
attentional control to facilitate matching of new stimuli with existing 
contents in working memory (Polich, 2007; Polich and Kok, 1995). P3 
amplitude has been observed to increase in conjunction with tasks 
requiring greater cognitive control (Lu et al., 2017). Similarly, attenu-
ated P3 amplitude at higher cognitive loads has been attributed to a 
reduction in frontal-dependent attentional control (Garcıá-Larrea and 
Cézanne-Bert, 1998), signifying the reorientation of neural generators of 
the P3 component to other task-relevant functions (McEvoy et al., 1998; 
Singhal and Fowler, 2004; Watter et al., 2001). 

We postulate that larger P3 amplitudes may therefore reflect 
compensatory activity in frontoparietal regions during working memory 
processing in depression, indicating excessive resource allocation to 
cognitive control rather than to other executive functions required for n- 
back task performance. Such compensatory activity in frontal regions 
has previously been observed using fMRI studies of depression during 
the n-back (Harvey et al., 2005), Sternberg (Walter et al., 2007), and 
Stroop (Wagner et al., 2006) tasks. A meta-analysis of fMRI studies 
similarly reported that the DLPFC was hyperactive in depressed in-
dividuals during working memory processing compared to controls 
(Wang et al., 2015). EEG research has found that individuals with more 
depressive symptoms have a larger P3 amplitude during the Stroop task, 
attributed to an over-commitment of cognitive resources (Krompinger 
et al., 2011). Likewise, a recent study by Zhang et al. (2018) found larger 
frontal P2 amplitudes in depressed compared to control participants 
during an n-back task consisting of emotionally salient word stimuli, 
attributing the findings to excessive cognitive resources allocated during 
working memory updating. Our P3 findings are therefore consistent 
with evidence suggesting that the pathophysiology of MDD involves a 
disruption to the functioning of P3 source generators arising from the 
prefrontal and parietal cortices (Kaiser et al., 2015; Mayberg, 2003; 
Nord et al., 2020; Wang et al., 2015), albeit in an unexpected direction. 
Source reconstruction showed that bilateral occipitotemporal brain 
areas, thought to be involved in object representations (Polich, 2007), as 
well as the dorsomedial and orbitofrontal prefrontal cortices, key nodes 
within the default mode network that are typically suppressed during 
working memory activity (Bartova et al., 2015; Coutinho et al., 2016), 
had heightened activity in depression. Speculatively, our results may 
therefore be explained by the cortical inefficiency hypothesis, which 
suggests that depression is associated with dysfunctional activation of 
prefrontal neural circuits. Further research is required to confirm 
whether this interpretation accurately describes observed P3 amplitude 
increases in MDD during the n-back task. 

As a limitation of the current study design, we only compared per-
formance on the 0-, 1-, and 2-back tasks, whereas previous studies (at 
least in healthy individuals) have tested participants at levels as high as 
the 4-back task (for example, see Yang and Huang 2018). It is therefore 
unknown whether differences between MDD and control participants 
would become more prominent at higher cognitive loads. However, 
increasing working memory load also risks affecting the reliability of 
performance measures as participants increasingly lose the ability and 
motivation to complete the task successfully, as corroborated by Owen 
et al. (2005). An adaptive n-back paradigm, in which task difficulty 
adjusts in response to participant performance, might be a better means 
of avoiding both floor and ceiling effects (Zhang et al., 2019). A further 
limitation relates to n-back task modality, as differences in modality may 
partly explain disagreements between our non-significant behavioural 
findings and the significant findings reported in previous studies. For 
example, Harvey et al. (2004) used a letter-based n-back task similar to 
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the present study, but displayed both upper and lower case letters, 
which may have increased cognitive resources required to complete the 
task. Rose et al. (2006) in contrast used a spatial, recall-based version of 
the n-back task in which participants were required to track the position 
of a coloured dot. These relatively subtle task variations may have 
important implications for the cognitive load experienced by the par-
ticipants, even though the difficulty level ‘n’ is nominally equivalent. 
More challenging task variants, such as incorporating upper- and 
lower-case letter stimuli, may better highlight the discrepancy in per-
formance between MDD and healthy individuals. Regarding neuro-
physiological outcomes, a limited number of trials were available to 
generate ERPs and so target and non-target stimuli were combined for 
averaging. The reason for this decision was to reduce the total duration 
of the experiment session and minimise participant burden, as this study 
forms part of a larger battery of cognitive tests. In the current study, we 
also varied cognitive load (0-, 1-, or 2-back) whereas future studies could 
increase the number of stimuli within the same duration by only 
considering the 2-back, which was the cognitive load that most clearly 
showed a difference between MDD and controls. This would allow an 
assessment of ERPs generated only from correct target responses on the 
n-back task. Lastly, as discussed above, the presence of concurrent 
medications was a possible confounding factor. 

5. Conclusions 

In conclusion, we found significantly prolonged response times and 
increased P3 component amplitudes for the MDD participants, but did 
not find group differences for working memory accuracy, P2 amplitudes 
and theta ERS. The increase in P3 amplitude was contrary to our pre-
registered hypothesis and could be indicative of compensatory fronto-
parietal activity in MDD participants compared to healthy age- and 
gender-matched controls. Together, these results suggest that neural 
pathways necessary for attentional, maintenance, updating cognitive 
processes are relatively preserved in depressed individuals. Instead, 
MDD may reduce neural processing efficiency within the frontoparietal 
cognitive control network needed for working memory functioning, 
resulting in impairments to processing speed and increased response 
times. 
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Mulert, C., Jäger, L., Schmitt, R., Bussfeld, P., Pogarell, O., Möller, H.J., Juckel, G., 
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Vilà-Balló, A., Salmi, J., Soveri, A., Rodríguez-Fornells, A., Lehtonen, M., Laine, M., 
2018. Neural signatures for active maintenance and interference during working 

memory updating. Biol. Psychol. 132, 233–243. https://doi.org/10.1016/j. 
biopsycho.2018.01.007. 
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