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Abstract
While impairments in executive functions have been well established in major depressive disorder (MDD), specific deficits 
in proactive control have scarcely been studied so far. Proactive control refers to cognitive processes during anticipation of a 
behaviorally relevant event that facilitate readiness to react. In this study, cerebral blood flow responses were investigated in 
MDD patients during a precued antisaccade task requiring preparatory attention and proactive inhibition. Using functional 
transcranial Doppler sonography, blood flow velocities in the middle cerebral arteries of both hemispheres were recorded 
in 40 MDD patients and 40 healthy controls. In the task, a target appeared left or right of the fixation point 5 s after a cuing 
stimulus; subjects had to move their gaze to the target (prosaccade) or its mirror image position (antisaccade). Video-based 
eye-tracking was applied for ocular recording. A right dominant blood flow increase arose during prosaccade and antisaccade 
preparation, which was smaller in MDD patients than controls. Patients exhibited a higher error rate than controls for antisac-
cades but not prosaccades. The smaller blood flow response may reflect blunted anticipatory activation of the dorsolateral 
prefrontal and inferior parietal cortices in MDD. The patients’ increased antisaccade error rate suggests deficient inhibitory 
control. The findings support the notion of impairments in proactive control in MDD, which are clinically relevant as they 
may contribute to the deficits in cognition and behavioral regulation that characterize the disorder.

Keywords  Major depression · Cerebral blood flow · Executive functions · Proactive control · Antisaccades · Transcranial 
Doppler sonography

Introduction

Cognitive control is a crucial factor in human information 
processing, enabling implementation and coordination 
of basic mental operations during the regulation of goal-
directed behaviors [1]. Cognitive control is particularly 
efficient if it is activated before the occurrence of an event 

requiring action. This ability, which is referred to as pro-
active control, may involve attentional activation, motor 
preparation, response selection, or prevention of inappropri-
ate responses during anticipation of a behaviorally relevant 
signal, thereby optimizing readiness to react [2]. Proactive 
control is susceptible to failure in mental disorders and may 
be reduced during negative affective states [3–5].

In the present study, we investigated proactive control 
in patients with major depressive disorder (MDD). Impair-
ments in higher cognitive functions in MDD have been well 
established [6–8]; they may impede activities in daily life 
and their clinical relevance is reflected by their associations 
with poor psychosocial function and quality of life, as well 
as enhanced risk of relapse after recovery, and the severity 
of residual symptoms [9–11]. At the neural level, cogni-
tive distortion in MDD has been mainly related to aberrant 
cortical function, in particular reduced prefrontal cortical 
activity [12–14].

Specific deficits in proactive control in MDD have been 
scarcely investigated so far. However, their occurrence has 
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been suggested by studies using event-related potentials 
(ERPs). Patients with remitted MDD exhibited diminished 
amplitude of the P450 ERP component during prepara-
tion for an emotional conflict task [15]. Based on a cogni-
tive interference task, a reduction in the pre-stimulus slow 
wave was documented in healthy individuals with elevated 
Beck Depression Inventory scores [16]. Moreover, MDD 
was associated with decreased amplitude of the contingent 
negative variation (CNV) [17, 18], an ERP that reflects corti-
cal activation during anticipation of a behaviorally relevant 
stimulus [19].

To obtain further insight into impairments in proactive 
control and their neural foundations in MDD, we investi-
gated cerebral blood flow responses during a precued anti-
saccade task [20]. In the antisaccade task, eye movements 
are recorded, while a participant is instructed to look in 
the opposite direction to a visual target stimulus that sud-
denly appears left or right of the fixation point [21]. Dur-
ing the task, automatic behavior, i.e., looking at the target 
(prosaccade), must be suppressed in favor of deliberate, 
goal-directed action. In the task, prosaccades trials are 
commonly used as a control condition. Prosaccades require 
highly automatic, overt attentional, and sensorimotor pro-
cesses; as such, using a combination of anti- and prosaccade 
trials allows for the comparison of complex cognitive control 
processes with more basic functions [22, 23]. Antisaccades 
have shown excellent reliability, as well as sensitivity, to a 
number of psychiatric disorders [24, 25].

In the task used in our study, a cuing stimulus predictably 
preceded the onset of the target stimulus by 5 s, which facili-
tated proactive control. The preparation of prosaccades in a 
precued task is mainly restricted to a short-term increase of 
attentional arousal, referred to as phasic alertness [26, 27]. 
In contrast, antisaccade preparation involves more sophis-
ticated functions, particularly proactive inhibition, defined 
as a top–down mechanism that prevents an inappropriate 
response from occurring in an upcoming situation [1, 28].

We used functional transcranial Doppler sonography 
(fTCD) to assess cerebral blood flow during preparation of 
pro- and antisaccades. This ultrasound method enables the 
measurement of changes in blood flow velocities in the basal 
cerebral arteries during neural activation processes, which 
result from flow metabolism coupling [29]. fTCD allows 
continuous measurement with high time resolution, making 
it particularly suitable in the investigation of neural activity 
related to fast ongoing cognitive processes, such as those 
of proactive control [30]. It has been well established that, 
at the neural level, proactive inhibition is associated with 
activation in the lateral and dorsomedial parts of the pre-
frontal cortex [1, 31, 32]. Phasic alertness, in turn, has been 
related to the dorsolateral prefrontal cortex and the inferior 
parietal cortex, especially in the right hemisphere [33]. As 
these cortical structures form part of the perfusion territory 

of the middle cerebral arteries (MCA), we assessed flow 
velocities in the MCA bilaterally [34].

A previous study from our group documented the suit-
ability of fTCD in the investigation of neural activity related 
to proactive control based on the precued antisaccade task 
[35]. That study revealed a right dominant anticipatory 
blood flow increase in the MCA, which was stronger dur-
ing antisaccade than prosaccade preparation, reflecting the 
higher preparatory demands of antisaccades [36]. fTCD has 
also been applied to explore proactive control in MDD. In 
a recent study, MCA flow velocities were obtained during a 
precued mental arithmetic task (addition problems presented 
5 s after a cuing stimulus) [37]. In MDD patients, impaired 
task performance was accompanied by reduced preparatory 
flow increases in both hemispheres. In a similar vein, MDD 
patients exhibited diminished bilateral MCA blood flow 
responses during a precued Stroop task (color word infer-
ence test, [38]) addressing interference control [39]. These 
observations support the notion of decreased cortical activity 
during proactive control in MDD.

However, the cognitive processes addressed in those 
previous studies differ greatly from those of the precued 
antisaccade task. While the previously used tasks required 
preparation of verbal arithmetic operations and anticipation 
and prevention of interference, stopping of an inappropriate 
response (i.e., proactive inhibition) is a key process during 
antisaccade preparation [1, 28]. Moreover, while perfor-
mance in the previously applied tasks to a certain degree 
relies on motor speed, in the antisaccade task, there is no 
confound between cognitive and peripheral motor processes. 
This is crucial insofar as psychomotor retardation is a com-
mon symptom of MDD, and it has been well established that 
motor slowing may reduce performance on cognitive tasks 
in the affected patients [40–42].

Applications of standard, i.e., non-cuing, variants of 
the antisaccade task have revealed higher rates of direction 
errors in MDD patients than healthy individuals for antisac-
cade but not for prosaccade trials [6, 43]. This may indicate 
that the patients’ impairments mainly encompass processes 
related to executive functions, whereas basic attentional 
and visuomotor deficits only play a subordinate role. On 
this basis, it may be hypothesized that, in MDD, blood flow 
responses during antisaccade preparation may be reduced 
to a greater degree than those related to prosaccade prepa-
ration. However, this prediction cannot be made with cer-
tainty, as numerous studies have also documented deficits in 
attentional functions in MDD, including phasic alertness, as 
involved in prosaccade preparation [17, 18, 44].

Our principal hypothesis was that smaller bilateral MCA 
blood flow increases during preparation of pro- and anti-
saccades would occur in patients with MDD than healthy 
individuals. Given the executive function impairments in 
MDD, and due to particular deficits in antisaccades relative 
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to prosaccades in these patients, the reduction of the prepara-
tory blood flow response was expected to be greater for anti-
saccade than prosaccade trials [6, 8]. Furthermore, based on 
the previous evidence, we hypothesized that patients would 
exhibit higher error rates than controls, especially in antisac-
cade trials [6, 43]. Considering the relevance of proactive 
control in optimizing readiness to react, a positive associa-
tion between the blood flow response and task performance 
was also predicted [45, 46].

Materials and methods

Participants

The patient sample included 40 individuals (23 women 
and 17 men) with a current MDD (recurrent or single epi-
sode), diagnosed using the German version of the Struc-
tured Interview for DSM-IV Disorders (SCID) [47]. Mean 
illness duration (interval from the first diagnosis of MDD) 
was 9.33 years (SD = 6.61 years). Patients suffering from 
MDD with psychotic features, and those with severe psy-
chiatric comorbid disorders (e.g., addiction, trauma or eat-
ing disorders), were not included in the sample. Fifteen of 
the patients were using psychotropic medication; 14 were 
using antidepressants, among whom 12 were taking an SSRI 
(escitalopram, fluoxetine, sertraline, and trazodone) and 2 
were taking an SSNRI (duloxetine, venlafaxine). Seven of 
the patients were on neuroleptic medication (aripiprazole, 
flupentixol, olanzapine, quetiapine, and sulpiride). Among 
these patients, six were taking the combination of a neuro-
leptic and an antidepressant; one was using a neuroleptic 
only. None of the patients were on benzodiazepines.

The control group comprised 23 women and 17 men, 
who did not suffer from mental diseases of any kind accord-
ing to the Diagnostic Expert System for Mental Disorders 
(DIA-X-SSQ) [48]. None of the controls used any kind of 
medication affecting the central or peripheral nervous sys-
tem. The presence of relevant physical disease served as 
an exclusion criterion in both study groups. Physical health 
status was recorded through an anamnestic interview and a 

questionnaire covering diseases of the cardiovascular, res-
piratory, gastro-intestinal, and urogenital systems, in addi-
tion to thyroid, liver, and metabolic diseases.

Table 1 provides information about age, duration of edu-
cation, body mass index (BMI), the laterality quotient of the 
Edinburgh Handedness Inventory [49], and scores on the 
Beck Depression Inventory II (BDI-II) [50] in both study 
groups. Thirty-three participants were university students 
(23 MDD patients and 20 controls); eight of the patients 
were unemployed and the remainder of the sample was in 
employment. The patient sample was recruited via local psy-
chotherapists, psychosocial counselling centers, and support 
groups; the control group was acquired via university facili-
ties and internet platforms.

Sample size was determined based on the previous stud-
ies comparing executive function performance between 
MDD patients and healthy controls (c.f. 7,8), which mostly 
revealed effect sizes (Cohen’s d) in the medium range. 
Assuming an effect size of 0.4, an alpha level of 5%, and a 
beta error of 20%, power analysis revealed a required sample 
size of 39 per group.

The study was conducted as part of the project “Executive 
dysfunction in chronic hypotension and depression—central 
nervous and autonomic causation” funded by the Anniver-
sary Fund of the Austrian National Bank (project 16289) [6, 
37, 39]. The present part was selected for this publication 
as it addressed a standalone research question and applied 
specific methods.

Experimental task

The antisaccade task was developed and pretested in a previ-
ous study [35]. It was presented using Experiment Builder 
software (SR Research Ltd., Ottawa, Canada) on a computer 
monitor (1680 × 1050 resolution, 60 Hz refresh rate) at a 
distance of 60 cm from the participants’ eyes. A trial began 
with the appearance of a small white circle (diameter of 0.5°) 
in the center of the screen. After 40 s, an acoustic signal was 
presented (400-Hz tone of 500 ms duration), which served 
as the cuing stimulus; 4800 ms after the cuing stimulus, the 

Table 1   Sample characteristics 
of the MDD patient and control 
groups: mean values (M) and 
standard deviations (SD)

The laterality quotient ranges between − 100 and 100; higher values denote dominance of the right hand 
[46]

MDD patients Control group F [1, 78] p �
2

p

M (SD) M (SD)

Age (years) 28.90 (7.31) 29.18 (7.02) 0.029 0.86 < 0.001
Duration of education (years) 15.04 (3.83) 16.60 (3.24) 3.88 0.052 0.047
Body mass index (kg/m2) 23.00 (3.17) 22.64 (2.70) 0.30 0.59 0.004
Laterality quotient 62.53 (36.49) 67.80 (32.93) 0.46 0.50 0.006
Beck Depression Inventory (BDI-II) 28.90 (8.79) 2.45 (3.04) 323.52 < 0.001 0.81
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circle disappeared for 200 ms and reappeared for 1000 ms 
at a horizontal peripheral location (± 6° with both posi-
tions used equally often). The brief disappearance of the 
stimulus, i.e., the gap, was introduced to increase the likeli-
hood of errors in antisaccade trials [20, 51]. The peripheral 
stimulus served as the imperative stimulus, which had to 
be responded to either with an antisaccade or a prosaccade. 
The next trial began when the white circle was presented 
again in the center of the screen and the participant had to 
direct his/her gaze toward this position. Concerning antisac-
cades, participants were instructed to look as quickly and 
accurately as possible at the horizontal mirror image posi-
tion of the peripheral stimulus; for prosaccades, they were 
asked to look as quickly and accurately as possible at the 
peripheral stimulus as soon as it appeared. During the 40 s 
inter-stimulus interval, participants had to keep their eyes 
open and fixate on the white circle. Two blocks of trials were 
presented, one of which comprised 20 antisaccades and the 
other 20 prosaccades. Participants were informed about the 
required responses (i.e., antisaccades or prosaccades) before 
each block. The two blocks were separated by a 1 min break. 
Half of the participants started with the antisaccade block 
and the other half with the prosaccade block. A schematic 
of the task is given in Fig. 1.

Recording and processing of eye movement data

The EyeLink 1000 system (SR Research Ltd.) was used for 
video-based eye-tracking. Movements of the right eye were 
recorded at a sampling rate of 1000 Hz. The device has a 
minimal spatial resolution of 0.01° and an average accuracy 
of between 0.25° and 0.5°. Centroid pupil-tracking algo-
rithms were used to detect pupil and corneal reflection. A 

five-point horizontal and vertical calibration procedure was 
performed before each of the 20 trial sequences of the task.

Data Viewer software (SR Research Ltd.) was applied 
for processing of eye movement data. The criterion for the 
detection of pro- and antisaccades was a minimum amplitude 
of 1°, minimum velocity of 30°/s, and minimum latency to 
onset of the imperative stimuli of 80 ms. Trials with a blink 
between 100 ms before and 80 ms after onset of the impera-
tive stimulus were excluded, as were trials where the saccade 
contained a blink. Some trials had to be omitted, as follows: 
prosaccades, MDD patients, M = 1.53, SD = 1.40, controls, 
M = 0.88, SD = 1.20; antisaccades, MDD patients, M = 1.75, 
SD = 2.92, controls, M = 0.65, SD = 2.01.

The rate of direction errors was the primary measure of 
task performance, given by the ratio between errors and 
valid trials. An error in an antisaccade trial was counted 
when the first valid saccade was made towards the periph-
eral target, and in prosaccade trials when it was made in 
the opposite direction of the peripheral target. In addition, 
response latency (in ms) was computed for correctly per-
formed trials. Only data of participants with a minimum 
of five correctly performed saccades and antisaccades were 
included in the analysis.

Recording and processing of cerebral blood flow 
data

For the purpose of cerebral hemodynamic recording, a com-
mercially available Doppler sonography device (Multidop 
L2; DWL Elektronische Systeme, Sipplingen, Germany) 
was applied. Blood flow velocities were recorded simulta-
neously in the MCA of both hemispheres. The recordings 
were obtained through the temporal bone windows using 
two 2-MHz transducer probes. Insonation took place at a 

Fig. 1   Schematic of the experimental task. Sample rates: 100 Hz for fTCD; 1000 Hz for eye-tracking
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depth between 45 and 52 mm. Following vessel identifica-
tion, the ultrasonic probes were fixed to the head using a 
head harness.

The spectral envelope curves of the Doppler signal were 
stored at a rate of 100 samples per second (for the insonation 
technique and validation of fTCD, see ref. [30]). The enve-
lope curves revealed by Doppler sonography were analyzed 
offline using the AVERAGE software [52]. Flow veloci-
ties were integrated over each cardiac cycle and averaged, 
time locked to the cuing stimulus. The mean flow velocity 
during the 10 s prior to this stimulus served as a baseline 
(FVbas). Relative changes (percent) in flow velocity during 
task execution (dFV) were calculated for both MCA using 
the following function: dFV = [FV(t) − FVbas] × 100/FVbas; 
where FV(t) represents the flow velocity over the course of 
time. Following this, the data were resampled at 5 Hz. Tri-
als involving erroneous behavioral responses were excluded 
from the analysis.

The amplitude of the blood flow increase following the 
cuing stimulus, expressed by the individual maximum of 
dFV, was used as the dependent variable [53, 54]. The 
time window, in which the maximum was determined, was 
defined as the 3 s interval around the maximum of the blood 
flow response, and averaged across both arteries and both 
types of trials in the whole sample (3.2–6.2 s after the cuing 
stimulus).

Procedure

Experimental sessions were conducted in a quiet and dimly 
lit room. At the beginning of the session, the SCID interview 
was conducted and sociodemographic and clinical data were 
obtained. Thereafter, the ultrasonic probes were mounted 
and the task was presented. Participants were requested not 
to drink alcohol or beverages containing caffeine for 3 h 
prior to the experimental session.

Statistical analysis

Statistical analysis of fTCD data was based on an analysis 
of variance (ANOVA) model with the between-subjects fac-
tor of group (MDD patients vs. control group) and the two 
within-subjects factors of trial type (antisaccade vs. prosac-
cade trials) and hemisphere (left vs. right MCA). Blood 
flow amplitudes (individual maxima of dFV) served as the 
dependent variable. For task performance, ANOVAs with 
the between-subjects factor of group and the within-subjects 
factor of trial type were performed. Separate models were 
computed for error rate and response latency for correct tri-
als. To investigate the possible effects of psychotropic drugs 
on cerebral blood flow amplitudes and task performance, a 
multivariate analysis of variance (MANOVA) was computed 

for the patient group, contrasting subgroups of patients using 
(1) antidepressants, (2) a combination of an antidepressant 
and a neuroleptic, and (3) no psychotropic medication (see 
Supplementary Material). The relationships between blood 
flow amplitudes and indices of task performance were quan-
tified using Pearson correlations in the entire sample. To 
control for differences in blood flow amplitude between 
MDD patients and controls, we subtracted the group means 
of the amplitudes before computing the correlations. Alpha-
inflation was accounted for in the correlation analysis (eight 
correlation coefficients) using a Bonferroni–Holm pro-
cedure. Accordingly, the lowest p value was compared to 
0.05/8, and the second lowest to 0.05/7, etc. Alpha was set at 
0.05 in the ANOVAs and the MANOVA. Partial eta squared 
( �2

p
 ) is presented as an index of effect size.

Results

Figure 2 displays the flow velocity changes in the left and 
right MCA during prosaccade and antisaccade trials in both 
study groups. Steep bilateral increases were seen in both 
vessels and during both types of trials, beginning around 
2 s after the cuing stimulus and peaking in the final phase 
of the preparatory interval. For prosaccade and antisaccade 
trials, increases in both hemispheres were smaller in MDD 
patients than in the control group. Increases in both hemi-
spheres were stronger for antisaccade than prosaccade trials. 
Overall, blood flow increases were greater in the right than 
in the left MCA.1

The ANOVA for flow velocity amplitudes revealed a main 
effect of group, reflecting the smaller blood flow increases 
in MDD patients than healthy individuals (F [1,78] = 4.47, 
p = 0.038, �2

p
 = 0.054). Effects of trial type and hemisphere 

confirmed the larger amplitude for antisaccade than prosac-
cade trials and the larger amplitude in the right than left 
MCA (trial type: F [1, 78] = 19.60, p < 0.001, �2

p
 = 0.20; 

hemisphere: F [1, 78] = 36.28, p < 0.001, �2
p
 = 0.32). A 

significant trial type by hemisphere interaction indicated 
stronger lateralization for prosaccade than antisaccade tri-
als (F [1, 78] = 17.83, p < .001, �2

p
 = 0.19). The remaining 

interaction effects did not reach significance (all F [1, 78] 
≤2.47, all p≥.12, all �2

p
 ≤ 0.031).

Table 2 includes the indices of prosaccade and antisac-
cade performance in both study groups. Error rate was 
higher in antisaccade than prosaccade trials (trial type: F 
[1, 78] = 111.48, p < .001, �2

p
 = 0.59) and higher in MDD 

patients than controls (group: F [1, 78] = 7.14, p = 0.009, 

1  Values at the beginning of the task period (time 0) were slightly 
higher in MDD patients than controls, which may be ascribed to 
spontaneous fluctuations of flow velocities at baseline.



818	 European Archives of Psychiatry and Clinical Neuroscience (2019) 269:813–822

1 3

�
2

p
  = 0.084). Moreover, a group-by-trial type interaction 

arose (F [1, 78] = 5.30, p = 0.024, �2
p
 = 0.064). According 

to post hoc testing, the error rate of patients exceeded that 
of controls in antisaccade (F [1, 78] = 6.39, p = .013, �2

p
 = 

0.076) trials, but not in prosaccade trials (F [1, 78] = 0.72, 
p = 0.40, �2

p
 = 0.009). Antisaccade trials, as compared to 

prosaccade trials, were associated with longer response 
latency (F [1, 78] = 206.03, p < 0.001, �2

p
 = 0.73); the 

group and interaction effects were not significant for this 
parameter (group: F [1, 78]<0.01, p>.99, �2

p
 < 0.001; 

interaction: F [1, 78] = 0.87, p = 0.35, �2
p
 = 0.011).

The MANOVA comparing the subgroups of patients 
defined according to medication use is described in the 
Supplementary Material. Neither a multivariate nor uni-
variate effects arose. While no systematic subgroup differ-
ences were seen for error rates and response latencies, a 
trend towards lower flow velocity amplitudes was seen in 
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Fig. 2   a MCA blood flow changes during preparation of prosaccades (grand average). b MCA blood flow changes during preparation of antisac-
cades (grand average)

Table 2   Means and standard 
deviations (in parentheses) of 
performance indices

MDD patients Control group

Antisaccades Prosaccades Antisaccades Prosaccades

Error rate (%) 20.88 (14.33) 1.40 (2.85) 13.44 (11.89) 0.93 (2.05)
Response latency (ms) 226.48 (45.10) 146.49 (34.73) 232.05 (61.24) 140.93 (22.92)

Table 3   Correlations between 
blood flow amplitudes and 
performance indices

Blood flow amplitudes Prosaccades: 
error rate

Prosaccades: 
response latency

Antisaccades: error 
rate

Antisaccades: 
response 
latency

r p r p r p r p

Left MCA 0.11 0.16 0.13 0.12 − 0.21 0.031 0.076 0.25
Right MCA 0.13 0.13 0.11 0.16 − 0.24 0.016 0.10 0.19



819European Archives of Psychiatry and Clinical Neuroscience (2019) 269:813–822	

1 3

patients taking a combination of an antidepressant and a 
neuroleptic compared to the remaining patients. Results of 
the correlation analysis are presented in Table 3. According 
to Bonferroni–Holm-corrected testing, none of the correla-
tions reached significance.

Discussion

Our study investigated proactive control in MDD based on 
cerebral hemodynamic recordings during a precued antisac-
cade task. The most important result was the smaller bilat-
eral MCA blood flow which increases during preparation of 
pro- and antisaccades in MDD patients than healthy con-
trols. In the total sample, blood flow amplitudes were greater 
during antisaccade than prosaccade preparation. While flow 
responses were overall stronger in the right than in the left 
MCA, lateralization was more pronounced for prosaccade 
than antisaccade trials. Regarding behavioral performance, 
MDD patients exhibited a higher rate of direction errors in 
antisaccade but not in prosaccade trials.

The results of fTCD assessments reflect diminished neu-
ral activity during proactive control in patients with a cur-
rent episode of MDD. The increases in MCA blood flow 
velocities during preparation of pro- and antisaccades can 
be ascribed to the activation of neural networks related to 
relevant cognitive processes. Preparation of automatized 
behaviors, such as prosaccades, mainly involves transient 
enhancement of attentional tone, i.e., phasic alertness [27]. 
At the cortical level, this specific function of the attention 
system is represented in the dorsolateral frontal and inferior 
parietal lobes, which are supplied by the MCA [33, 34, 55]. 
Flow velocity increases in the basal cerebral arteries occur 
due to an augmentation of the metabolic rate of neurons in 
their perfusion territory [30, 56]. As such, a smaller increase 
during prosaccade preparation in MDD patients indicates 
reduced neural activity in these structures.

The stronger flow increase in the right than left MCA 
during prosaccade preparation replicated our previous study 
[35]. Right hemispheric blood flow lateralization has also 
been seen in earlier fTCD studies of preparatory attention, 
and reflects the well-known dominance of the right hemi-
sphere in phasic alertness [45, 46, 57]. A right dominant 
noradrenergic system controlling attentional arousal has 
been described, which arises in the reticular formation and 
projects to the frontal and parietal cortices [27].

Preparation of antisaccades requires executive control in 
addition to phasic alertness. Here, proactive inhibition plays 
a key role, enabling anticipatory prevention of dominant 
reactions [1, 28]. Various studies using event-related fMRI 
have explored cortical activity during antisaccade prepara-
tion. Their results suggest a major role of the dorsolateral 
prefrontal cortex in proactive inhibition, in addition to the 

frontal eye fields, the anterior cingulate and parietal regions 
[36, 51, 58]. With the exception of the anterior cingulate, 
these structures form part of the MCA perfusion territory; 
as such, it seems justified to ascribe the patients’ reduced 
blood flow increases during antisaccade preparation to their 
blunted cortical activity. This is in accordance with meta-
analytic data indicating decreased resting-state activity of 
the dorsolateral prefrontal cortex and anterior cingulate in 
MDD [59]; prefrontal hypoactivity in turn has been related 
to blunted metabolism of glutamate, the main excitatory 
neurotransmitter in the human brain [14].

In the entire sample, the right hemispheric lateralization 
of the blood flow response was less pronounced for antisac-
cade than prosaccade trials, which conflicts with the hypoth-
esis of a specific role of the right hemisphere in behavioral 
inhibition [60]. Evidence concerning this hypothesis is still 
controversial: lesion studies have demonstrated stronger 
inhibition impairment in the stop-signal task in neurologi-
cal patients with right rather than left prefrontal damage 
[60, 61]. However, reduced performance on a go/no-go task 
was also seen in patients with left inferior parietal lesions 
[62]. Concerning antisaccades, both right and left prefron-
tal cortex damage may lead to augmented error rates [63, 
64]. Some fMRI studies revealed bilateral prefrontal activ-
ity during inhibition in go/no-go tasks [65, 66]. In addi-
tion, event-related fMRI studies of antisaccade preparation 
demonstrated relatively small right hemispheric lateraliza-
tion of their underlying networks [36, 51, 58]. Therefore, 
our observation of a discrete hemispheric difference in the 
hemodynamic response during antisaccade preparation is 
consistent with the state of research.

In MDD patients and healthy individuals, the magnitude 
of the blood flow response in both hemispheres was mark-
edly stronger during antisaccade than prosaccade trials, 
which also replicated our previous study [35]. This result 
reflects allocation of greater cortical resources during prepa-
ration of the more cognitively demanding antisaccades. In 
contrast to the simple sensorimotor mapping required for 
prosaccades, antisaccades involve the suppression of the ten-
dency to look towards the stimulus, as well as non-standard 
sensorimotor transformations that require vector inver-
sion. Accordingly, fMRI studies have consistently shown 
greater activity in prefrontal structures during antisaccade 
than prosaccade preparation [36, 51, 58]. In our behavioral 
data, the higher demand and need for additional processing 
resources of antisaccades are illustrated by the higher error 
rate (17.2% vs. 1.2%) and longer response latency (229.3 ms 
vs. 143.7 ms) in antisaccade compared to prosaccade trials.

Corroborating the previous findings, MDD patients 
exhibited higher error rates than controls in antisaccade 
but not in prosaccade trials [6, 43]. This is in accordance 
with earlier studies demonstrating reduced performance of 
MDD patients on the other measures of response inhibition 
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including flanker, Stroop and Hayling tasks [8, 67–69]. 
The specificity of the group difference to antisaccade trials 
that was observed here suggests specific executive function 
impairments in MDD [6–8]. Even though reduced atten-
tion and cognitive speed have been established in MDD, the 
current state of research supports the view that executive 
functions are particularly vulnerable to disruption in MDD, 
and that these impairments do not occur due to distortion 
of basic attentional functions [8, 70]. Response latencies in 
saccade and antisaccade trials did not differ between patients 
and controls. This is also consistent with the previous obser-
vations [6, 43] and indicates that the impairment in MDD 
may encompass the accuracy rather than the speed dimen-
sion of antisaccade performance. In contrast to our expecta-
tion, the extent of the reduction in the anticipatory blood 
flow response in MDD patients did not differ as a function 
of trial type. The patients’ greater reduction in accuracy on 
antisaccade than prosaccade trials was thus not reflected in 
different magnitudes of the preparatory blood flow response.

Contrary to our hypothesis, the magnitude of the blood 
flow response during prosaccade and antisaccade prepara-
tion was unrelated to error rate and latency. This is in con-
trast to the previous findings of positive correlations between 
preparatory blood flow modulations and cognitive perfor-
mance [45, 46, 53]. However, it should be noted that results 
concerning the association between blood flow modula-
tions and performance are inconsistent. In addition to an 
independence of both variables [71], inverse associations 
between task-induced blood flow increases and performance 
have also been reported [37, 54, 72].

Our findings of blunted cerebral blood flow increase 
during prosaccade and antisaccade preparation are in line 
with the recent fTCD studies showing reduced anticipa-
tory hemodynamic responses in MDD in precued mental 
calculation and cognitive interference tasks [37, 39]. Alto-
gether, these results point towards a rather general deficit 
in preparatory processing in MDD patients, as shown by 
phasic alertness, interference anticipation, the preparation 
of numeric operations, and proactive inhibitory control. The 
findings revealed by cerebral blood flow analysis agree with 
ERP studies suggesting reduced cortical activity associated 
with response preparation in emotional conflict, Stroop and 
simple motor reaction tasks [15–18]. The susceptibility to 
failure of preparatory processes in mental disorders is also 
underlined by alterations in behavioral measures of proactive 
control in connection with reduced lateral prefrontal activ-
ity in schizophrenia and adult attention-deficit/hyperactivity 
disorder [3, 4].

A relevant limitation of this study pertains to the use of 
psychotropic medication in MDD patients, 15 of whom were 
taking various kinds of drugs potentially influencing atten-
tional and executive functions and cerebral blood flow mod-
ulations. Available research indeed points towards negative 

effects of antidepressant and neuroleptic treatment on cog-
nition [7, 73, 74]. Our comparison among patients using 
antidepressants, those using a combination of an antidepres-
sant and a neuroleptic, and those using no drugs revealed no 
significant differences in cerebral blood flow or task perfor-
mance. While these groups did not differ systematically in 
performance speed or accuracy, a clear trend towards smaller 
blood flow responses in patients taking a combination of an 
antidepressant and a neuroleptic was seen compared with the 
other groups. This may suggest a reduction of preparatory 
neural activation due to the antidopaminergic effects of neu-
roleptics [75]. Considering this, it cannot be ruled out that, 
in these individuals, the blunted blood flow response at least 
partly resulted from medication rather than MDD pathology. 
However, due to the small size of the patient subgroups, no 
firm conclusion can be drawn regarding the relevance of 
medication to the aberrant preparatory cerebral blood flow 
modulations seen in MDD.

In conclusion, the present study provided relevant infor-
mation regarding cognitive impairments in MDD and the 
physiological mechanisms involved therein. The blunted 
hemodynamic responses during prosaccade and antisaccade 
preparation support the notion of impaired neural process-
ing in association with preparatory attention and proactive 
inhibition in patients. Proactive control is regarded as an 
important mechanism in optimizing readiness to react and 
prevention of inappropriate behavior [1, 28]; as such, the 
observed deficits may be of substantial clinical relevance.

Acknowledgements  The study was supported by the Anniversary 
Fund of the Austrian National Bank (project 16289). We are grateful 
to Angela Bair for her help with the data analysis.

Compliance with ethical standards 

Ethical standards  The study was approved by the Board for Ethical 
Questions in Science of the University of Innsbruck, Austria, and, 
therefore, performed in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki and its later amendments. 
All participants provided written informed consent.

Conflict of interest  There are no conflicts of interest to disclose.

Access to research data  The research data of the study are available 
to the public via the repository Open Science Framework (OSF: osf.
io/ceba8).

References

	 1.	 Aron AR (2011) From reactive to proactive and selective control: 
developing a richer model for stopping inappropriate responses. 
Biol Psychiat 69:e55–e68

	 2.	 Braver TS (2012) The variable nature of cognitive control: a dual 
mechanisms framework. Trends Cogn Sci 16:106–113



821European Archives of Psychiatry and Clinical Neuroscience (2019) 269:813–822	

1 3

	 3.	 Barch DM, Carter CS, Braver TS, Sabb FW, MacDonald A, Noll 
DC, Cohen JD (2001) Selective deficits in prefrontal cortex func-
tion in medication-naive patients with schizophrenia. Arch Gen 
Psychiat 58:280–288

	 4.	 Burgess GC, Depue BE, Ruzic L, Willcutt EG, Du YP, Banich 
MT (2010) Attentional control activation relates to working 
memory in attention-deficit/hyperactivity disorder. Biol Psychiat 
67:632–640

	 5.	 Braver TS, Gray JR, Burgess GC (2007) Explaining the many vari-
eties of working memory variation: dual mechanisms of cognitive 
control. In: Conway ARA, Jarrold C, Kane MJ, Miyake A, Towse 
JN (eds) Variation in working memory. Oxford University Press, 
New York, pp 76–106

	 6.	 Hoffmann A, Ettinger U, Reyes del Paso GA, Duschek S (2017) 
Executive function and cardiac autonomic regulation in depressive 
disorders. Brain Cog 118:108–117

	 7.	 Porter RJ, Bourke C, Gallagher P (2007) Neuropsychological 
impairment in major depression: Its nature, origin and clinical 
significance. Aust NZ J Psychiat 41:115–128

	 8.	 Snyder HR (2013) Major depressive disorder is associated with 
broad impairments on neuropsychological measures of executive 
function: a meta-analysis and review. Psychol Bull 139:81–132

	 9.	 Alexopoulos GS, Meyers BS, Young RC, Kalayam B, Kakuma T, 
Gabrielle M, Sirey JA, Hull J (2000) Executive dysfunction and 
long-term outcomes of geriatric depression. Arch Gen Psychiat 
57:285–290

	10.	 Jaeger J, Berns S, Uzelac S, Davis-Conway S (2006) Neurocogni-
tive deficits and disability in major depressive disorder. Psychiat 
Res 145:39–48

	11.	 Majer M, Ising M, Künzel H, Binder EB, Holsboer F, Modell S, 
Zihl J (2004) Impaired divided attention predicts delayed response 
and risk to relapse in subjects with depressive disorders. Psychol 
Med 34:1453–1463

	12.	 Pu S, Yamada T, Yokoyama K, Matsumura H, Kobayashi H, 
Sasaki N, Mitanic H, Adachic A, Kanekoa K, Nakagome K (2011) 
A multi-channel near-infrared spectroscopy study of prefrontal 
cortex activation during working memory task in major depressive 
disorder. Neurosci Res 70:91–97

	13.	 Uemura K, Shimada H, Doi T, Makizako H, Park H, Suzuki T 
(2010) Depressive symptoms in older adults are associated with 
decreased cerebral oxygenation of the prefrontal cortex during a 
trail-making test. Arch Gerontol Geriatr 59:422–428

	14.	 Yüksel C, Öngür D (2010) Magnetic resonance spectroscopy stud-
ies of glutamate-related abnormalities in mood disorders. Biol 
Psychiat 68:785–794

	15.	 Vanderhasselt MA, De Raedt R, Dillon DG, Dutra SJ, Brooks 
N, Pizzagalli DA (2012) Decreased cognitive control in response 
to negative information in patients with remitted depression: an 
event-related potential study. J Psychiatr Neurosci 37:250–258

	16.	 West R, Choi P, Travers S (2010) The influence of negative affect 
on the neural correlates of cognitive control. Int J Psychophysiol 
76:107–117

	17.	 Ashton H, Golding JF, Marsh VR, Thompson JW, Hassanyeh F, 
Tyrer SP (1988) Cortical evoked potentials and clinical rating 
scales as measures of depressive illness. Psychol Med 18:305–317

	18.	 Giedke H, Heimann H (1987) Psychophysiological aspects of 
depressive syndromes. Pharmacopsychiatry 20:177–180

	19.	 Birbaumer N, Elbert T, Canavan AGM, Rockstroh B (1990) 
Slow potentials of the cerebral cortex and behavior. Physiol Rev 
70:1–41

	20.	 Fischer B, Weber H (1996) Effects of procues on error rate and 
reaction times of antisaccades in human subjects. Exp Brain Res 
109:507–512

	21.	 Hallett PE (1978) Primary and secondary saccades to goals 
defined by instructions. Vision Res 18:1279–1296

	22.	 Antoniades C, Ettinger U, Gaymard B, Gilchrist I, Kristjáns-
son A, Kennard C, Leighg RJ, Noorani I, Pouget P, Smyrnis N, 
Tarnowski A, Zee AS, Carpenter RHS (2013) An internationally 
standardised antisaccade protocol. Vis Res 84:1–5

	23.	 Munoz DP, Everling S (2004) Look away: the anti-saccade task 
and the voluntary control of eye movement. Nat Rev Neurosci 
5:218–228

	24.	 Meyhöfer I, Bertsch K, Esser M, Ettinger U (2016) Variance in 
saccadic eye movements reflects stable traits. Psychophysiology 
53:566–578

	25.	 Hutton SB, Ettinger U (2006) The antisaccade task as a research 
tool in psychopathology: a critical review. Psychophysiology 
43:302–313

	26.	 Johnson A, Proctor RW (2004) Attention. Theory and practice. 
Sage Publications, Thousand Oaks

	27.	 Posner MI, Petersen SE (1990) The attention system of the human 
brain. Annual Rev Neurosci 13:25–42

	28.	 Ballanger B (2009) Top-down control of saccades as part of a 
generalized model of proactive inhibitory control. J Neurophysiol 
102:2578–2580

	29.	 Aaslid R, Markwalder TM, Nornes H (1982) Noninvasive tran-
scranial Doppler ultrasound recording of flow velocity in basal 
cerebral arteries. J Neurosurg 57:769–774

	30.	 Duschek S, Schandry R (2003) Functional transcranial Doppler 
sonography as a tool in psychophysiological research. Psycho-
physiology 40:436–454

	31.	 Chambers CD, Bellgrove MA, Stokes MG, Henderson TR, Gara-
van H, Robertson IH, Morris AP, Mattingley JB (2006) Executive 
“brake failure” following deactivation of human frontal lobe. J 
Cog Neurosci 18:444–455

	32.	 Chambers CD, Garavan H, Bellgrove MA (2009) Insights into 
the neural basis of response inhibition from cognitive and clinical 
neuroscience. Neurosci Biobehav Rev 33:631–646

	33.	 Paus T, Zatorre RJ, Hofle N, Caramanos Z, Gotman J, Petrides M, 
Evans AC (1997) Time-related changes in neural systems underly-
ing attention and arousal during the performance of an auditory 
vigilance task. J Cog Neurosci 9:392–408

	34.	 Haines DE (2004) Neuroanatomy. An Atlas of structures, sections, 
and systems. Lippincott Williams & Wilkins, Philadelphia

	35.	 Duschek S, Hoffmann A, Montoro CI, Reyes del Paso, GA, 
Schuepbach D, Ettinger U (2018) Cerebral blood flow modula-
tions during preparatory attention and proactive inhibition. Biol 
Psychol 137:65–72

	36.	 Connolly JD, Goodale MA, Menon RS, Munoz DP (2002) Human 
fMRI evidence for the neural correlates of preparatory set. Nat 
Neurosci 5:1345–1352

	37.	 Hoffmann A, Montoro CI, Reyes del Paso GA, Duschek S (2018) 
Cerebral blood flow modulations during executive control in 
major depressive disorder. J Affect Disord 237:118–125

	38.	 MacLeod CM (1991) Half a century of research on the Stroop 
effect: an integrative review. Psych Bull 109:163

	39.	 Hoffmann A, Montoro CI, Reyes del Paso GA, Duschek S (2018) 
Cerebral blood flow modulations during cognitive control in major 
depression. Int J Psychophysiol (in press)

	40.	 Caligiuri MP, Ellwanger J (2000) Motor and cognitive aspects of 
motor retardation in depression. J Affect Disorders 57:83–93

	41.	 Pier MPBI, Hulstijn W, Sabbe BGC (2004) Differential patterns 
of psychomotor functioning in unmedicated melancholic and non-
melancholic depressed patients. J Psychiatr Res 38:425–435

	42.	 Sabbe B, Hulstijn W, van Hoof J, Tuynman-Qua HG, Zitman F 
(1999) Retardation in depression: assessment by means of simple 
motor tasks. J Affect Disorders 55:39–44

	43.	 Katsanis J, Kortenkamp S, Iacono WG, Grove WM (1997) Anti-
saccade performance in patients with schizophrenia and affective 
disorder. J Abnorm Psychol 106:468–472



822	 European Archives of Psychiatry and Clinical Neuroscience (2019) 269:813–822

1 3

	44.	 Lyche P, Jonassen R, Stiles TC, Ulleberg P, Landrø NI (2001) 
Attentional functions in major depressive disorders with and with-
out comorbid anxiety. Arch Clinical Neuropsychol 26:38–47

	45.	 Duschek S, Schuepbach D, Schandry R (2008) Time-locked asso-
ciation between rapid cerebral blood flow modulation and atten-
tional performance. Clin Neurophysiol 119:1292–1299

	46.	 Duschek S, Heiss H, Schmidt FH, Werner N, Schuepbach D 
(2010) Interactions between systemic hemodynamics and cere-
bral blood flow during attentional processing. Psychophysiology 
47:1159–1166

	47.	 Wittchen HU, Wunderlich U, Gruschwitz S, Zaudig M (1997) 
SKID-I. Strukturiertes Klinisches Interview für DSM-IV. Achse 
I: Psychische Störungen [SCID-I. Structured Clinical Interview 
for DSM-IV, Axis I Disorders]. Hogrefe, Göttingen

	48.	 Wittchen HU, Perkonigg A (1996) DIA-X SSQ. Swets Test Ser-
vices, Frankfurt a.M.

	49.	 Oldfield RC (1971) The assessment and analysis of handedness: 
the Edinburgh inventory. Neuropsychologia 9:97–113

	50.	 Hautzinger M, Kühner C, Keller F (2006) Beck Depression Inven-
tar II (BDI 2). Pearson Assessment & Information, Frankfurt a.M.

	51.	 Ford KA, Goltz HC, Brown MRG, Everling S (2005) Neural pro-
cesses associated with antisaccade task performance investigated 
with event-related fMRI. J Neurophysiol 94:429–440

	52.	 Deppe M, Knecht S, Henningsen H, Ringelstein EB (1997) 
AVERAGE: a Windows® program for automated analysis of 
event related cerebral blood flow. J Neurosci Met 75:147–154

	53.	 Montoro CI, Duschek S, Muñoz Ladrón de Guevara C, Fernán-
dez-Serrano MJ, Reyes del Paso GA (2015) Aberrant cerebral 
blood flow responses during cognition: Implications for the under-
standing of cognitive deficits in fibromyalgia. Neuropsychology 
29:173–182

	54.	 Reyes del Paso GA, Montoro CI, Duschek S (2015) Reaction time, 
cerebral blood flow, and heart rate responses in fibromyalgia: Evi-
dence of alterations in attentional control. J Clin Exp Neuropsy-
chol 37:414–428

	55.	 Pardo JV, Fox PT, Raichle ME (1991) Localization of a human 
system for sustained attention by positron emission tomography. 
Nature 349(6304):61–64

	56.	 Iadecola C (2004) Neurovascular regulation in the normal brain 
and in Alzheimer’s disease. Nat Rev Neurosci 5:347–360

	57.	 Duschek S, Schandry R (2004) Cognitive performance and cer-
ebral blood flow in essential hypotension. Psychophysiology 
41:905–913

	58.	 DeSouza JF, Menon RS, Everling S (2003) Preparatory set associ-
ated with pro-saccades and anti-saccades in humans investigated 
with event-related fMRI. J Neurophysiol 89:1016–1023

	59.	 Fitzgerald PB, Laird AR, Maller J, Daskalakis ZJ (2008) A meta-
analytic study of changes in brain activation in depression. Hum 
Brain Mapp 29:683–695

	60.	 Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW 
(2003) Stop-signal inhibition disrupted by damage to right inferior 
frontal gyrus in humans. Nat Neurosci 6:115–116

	61.	 Rieger M, Gauggel S, Burmeister K (2003) Inhibition of ongoing 
responses following frontal, nonfrontal, and basal ganglia lesions. 
Neuropsychology 17:272–282

	62.	 Swick D, Ashley V, Turken AU (2008) Left inferior frontal gyrus 
is critical for response inhibition. BMC Neurosci 9:102

	63.	 Pierrot-Deseilligny C, Müri RM, Nyfeler T, Milea D (2005) The 
role of the human dorsolateral prefrontal cortex in ocular motor 
behavior. Ann N Y Acad Sci 1039:239–251

	64.	 Ploner CJ, Gaymard BM, Rivaud-Péchoux S, Pierrot-Deseilligny 
C (2005) The prefrontal substrate of reflexive saccade inhibition 
in humans. Biol Psychiat 57:1159–1165

	65.	 Liddle PF, Kiehl KA, Smith AM (2001) Event-related fMRI study 
of response inhibition. Hum Brain Mapp 12:100–109

	66.	 Menon V, Adleman NE, White CD, Glover GH, Reiss AL (2001) 
Error related brain activation during a Go/NoGo response inhibi-
tion task. Hum Brain Mapp 12:131–143

	67.	 Dillon DG, Wiecki T, Pechtel P, Webb C, Goer F, Murray Trivedi 
M, Fava M, McGrath PJ, Weissman M, Parsey R, Kurian B, 
Adams P, Carmody T, Weyandt S, Shores-Wilson K, Toups M, 
McInnis M, Oquendo MA, Cusin C, Deldin P, Bruder G, Pizza-
galli DA (2015) A computational analysis of flanker interference 
in depression. Psychol Med 45:2333–2344

	68.	 Markela-Lerenc J, Kaiser S, Fiedler P, Weisbrod M, Mundt C 
(2006) Stroop performance in depressive patients: a preliminary 
report. J Affect Disorders 94:261–267

	69.	 Zetsche U, D’Avanzato C, Joormann J (2012) Depression and 
rumination: relation to components of inhibition. Cogn Emot 
26:758–767

	70.	 Stefanopoulou E, Manoharan A, Landau S, Geddes JR, Good-
win G, Frangou S (2009) Cognitive functioning in patients with 
affective disorders and schizophrenia: a meta-analysis. Int Rev 
Psychiatr 21:336–356

	71.	 Duschek S, Hadjamu M, Schandry R (2007) Enhancement of cere-
bral blood flow and cognitive performance due to pharmacological 
blood pressure elevation in chronic hypotension. Psychophysiol-
ogy 44:145–153

	72.	 Schuepbach D, Egger ST, Boeker H, Duschek S, Vetter S, Seifritz 
E, Herpertz SC (2016) Determinants of cerebral hemodynam-
ics during the Trail Making Test in schizophrenia. Brain Cogn 
109:96–104

	73.	 McClintock SM, Husain MM, Greer TL, Cullum CM (2010) 
Association between depression severity and neurocognitive 
function in major depressive disorder: A review and synthesis. 
Neuropsychology 24:9–34

	74.	 Rehse M, Bartolovic M, Baum K, Richter D, Weisbrod M, 
Roesch-Ely D (2016) Influence of Antipsychotic and Anticholiner-
gic Loads on Cognitive Functions in Patients with Schizophrenia. 
Schizophrenia Research and Treatment, Article ID 8213165

	75.	 Meyer JS (2018) Psychopharmacology: Drugs, the Brain, and 
Behavior. Sinauer Associates, Sunderland


	Cerebral blood flow responses during prosaccade and antisaccade preparation in major depression
	Abstract
	Introduction
	Materials and methods
	Participants

	Experimental task
	Recording and processing of eye movement data
	Recording and processing of cerebral blood flow data

	Procedure
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References


