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Abstract
Background: This study investigated cerebral blood flow modulations during proactive and reactive cognitive control in major depressive disorder (MDD). Proactive control refers to preparatory processes during anticipation of a behaviorally relevant event; reactive control is activated after such an event to ensure goal attainment. Methods: 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 during a precued Stroop task. The font color of color words, which appeared 5 s after an acoustic warning signal, had to be indicated while ignoring word meaning. Results: Patients, as compared to controls, exhibited smaller bilateral blood flow increases during task preparation and larger increases after color word presentation. Response time was longer in patients in irrespective of the match or mismatch between font color and word meaning. The blood flow increase after word presentation correlated positively with response time. Limitations: Potential effects of psychotropic drugs on cognition and cerebral blood flow could not be controlled. Conclusions: The study revealed evidence of reduced cortical activity during proactive and elevated activity that occurs during reactive control in MDD. Deficient implementation of proactive control in MDD may lead to increased reliance on reactive control. The association between the blood flow increase after color word presentation and poorer performance indicates that deficient response preparation cannot be compensated for by reactive strategies. The findings are clinically relevant as impaired preparatory cognitive processing may impede readiness to react and thus behavioral performance.
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Introduction
Goal-directed action requires regulation, coordination and sequencing of basic mental operations. This ability is referred to as cognitive control and constitutes a core feature of human information processing (Miller & Cohen, 2001). Cognitive control is essential to the regulation of most behaviors and related impairments may greatly impede activities of daily life (Aron, 2011; Paulus, 2015). According to the dual mechanisms of control model, cognitive control operates via two distinct modes, i.e. proactive and reactive control (Braver, 2012). Proactive control refers to a prospective mode of control serving to bias information processing toward a given goal during anticipation of a behaviorally relevant event. In contrast, reactive control is activated after such an event in order to detect and resolve possible interference with goal attainment (Braver et al., 2007; Braver, 2012).
The present study is concerned with cognitive control in major depressive disorder (MDD). Due to its high prevalence, major impact on quality of life and socio-economic burden, MDD constitutes a substantial public health issue (Kessler et al., 2005, 2010; Paykel et al., 2005). Impairments in cognitive control have repeatedly been demonstrated in affected patients using experimental paradigms or neuropsychological tests of executive functions (Hoffmann et al., 2017; Porter et al., 2007; Snyder, 2013). The clinical relevance of these deficits is underlined by their association with functional disability, poor quality of life, increased risk of relapse after recovery, and the severity of residual symptoms (Alexopoulos et al., 2000; Jaeger et al., 2006; Majer et al., 2004). Regarding the psychophysiological mediation of impairments in cognitive control in MDD, alterations in cortical processing, especially prefrontal dysfunction, are considered to play a decisive role (Davidson et al., 2002; Pu et al., 2011; Uemura et al., 2014).
Our study investigated cerebral blood flow modulations associated with cognitive control in MDD. Cerebral blood flow modulations refer to transient changes in brain perfusion during neural activation processes, which result from flow metabolism coupling (Duschek et al., 2008; Duschek et al., 2010). Due to an augmented metabolic rate of the nerve-cells, neural activation is accompanied by dilation of cerebral microvessels followed by increased blood flow in the active tissue (Iadecola, 2004). Cerebral blood flow modulations may be assessed through functional transcranial Doppler sonography (fTCD), an ultrasound technique allowing continuous recording of blood flow velocities in the basal cerebral arteries (Aaslid et al., 1982). Flow modulations in these arteries reliably reflect neural activity changes in their perfusion territories (Duschek & Schandry, 2003). The high temporal resolution provided by fTCD makes it particularly suitable to explore the time course of blood flow changes during distinct stages of cognitive processing. In the study, we took advantage of this methodological qualification to explore cortical activity specifically related to proactive and reactive control. According to the aforementioned definition, proactive control refers to preparatory processes during anticipation of a significant event, and reactive control is activated after such an event (Braver, 2012). As such, cerebral blood flow modulations associated with both modes of control may be differentiated according to their temporal relation with a signal requiring a behavioral response.
Research concerning specific impairments of proactive or reactive control in MDD is still scarce. Within the dual mechanisms of control framework, a connection between affective state and preference for particular modes of control has been postulated (Braver et al., 2007; West, Choi, & Travers, 2010). While positive affect has been suggested to be associated with a preference for proactive strategies, reactive control is supposed to dominate during negative affect. It has been argued that failure to implement proactive control during averse affect may lead to greater reliance on reactive control (West et al., 2010). Considering this and taking into account that negative affective state is a core characteristic of MDD, it may be hypothesized that MDD patients tend to present with reduced proactive and increased reactive modes of control.
This hypothesis was previously investigated in an EEG study by West et al. (2010) conducted in healthy individuals varying in Beck Depression Inventory (BDI-II) scores (Beck et al., 1996). The study aimed to disentangle both modes of control using event related potentials (ERPs) recorded during a Stroop paradigm. Subjects with high BDI-II scores exhibited a diminished amplitude of the pre-stimulus slow wave, suggesting lower engagement in proactive control. In contrast, enhanced midline frontal negativity was seen in these subjects and ascribed to enhanced neural activity during reactive interference processing (West, 2003). In another ERP study, individuals with remitted MDD accomplished an emotional conflict task, which required responses to the actual or opposite valence of positive or negative facial expressions (Vanderhasselt et al., 2012). To facilitate proactive control, face stimuli were preceded by visual cues. Remitted MDD patients demonstrated a longer decision time and a smaller amplitude of the N450 response to the cue than controls in trials requiring opposite responses. This was interpreted in terms of diminished proactive prevention of the automatic response of signaling the actual valence of the expressions (Ballanger, 2009).
In the current study, a precued Stroop task was employed to investigate cerebral blood flow modulations during cognitive control (Duschek et al., 2018). In the Stroop paradigm, the subject has to name the font color of different color words, while ignoring the word meaning (Stroop, 1935). The font color may match the word meaning (congruent condition) or differ from the word meaning (incongruent condition). During the incongruent condition, interference occurs between two sources of information (i.e., font color and word meaning); overriding this automatic impulse of word reading is associated with increased cognitive load and reduced task performance (Lamers et al., 2010). The extent of color word interference is reflected by the difference in performance between congruent and inconsistent trails (MacLeod, 1991).
In the present variant of the Stroop task, proactive control was triggered by a warning signal preceding color word presentation. In incongruent trials, related cognitive processes comprise interference anticipation and reduction (Manard et al., 2017). Considering the requirement for overriding the dominant response of word reading, proactive inhibition may also be involved, that is, control mechanisms preventing an inappropriate response from occurring in an anticipated situation (Aron, 2011). In congruent trials, proactive control is restricted to processes such as attentional activation, maintenance of task rules and motor preparation. Reactive control taking place after color word presentation may comprise verbal processing, decision-making, interference resolution and inhibition of automatized behavior (MacLeod, 1991). Evidence from fMRI studies suggests that, on a cortical level, proactive and reactive control are mainly represented in the lateral fraction of the prefrontal lobe and the inferior parietal cortex (Braver, 2012; Chambers et al., 2009). These structures are supplied by the middle cerebral arteries (MCA) (Haines, 2007); therefore, bilateral fTCD recordings in these vessels were accomplished in the study. 
Previous fTCD studies using precued tasks revealed biphasic courses of blood flow modulations in the MCA (Duschek & Schandry, 2004; Duschek et al., 2008, 2010; Montoro et al., 2015). A first increase component typically arose in the interval between the cue and the stimulus that the subject had to respond to; a second increase was seen after this stimulus. Considering the reasoning presented above, the first component is associated with proactive, and the second with reactive, control. Moreover, some fTCD studies revealed positive correlations between the magnitude of task-induced blood flow increases and task performance (Duschek & Schandry, 2004; Duschek et al., 2008; Montoro et al., 2015; Schuepbach, Boeker, Duschek, & Hell, 2007). In precued tasks, performance mainly correlated with the initial increase following the cuing signal, which was interpreted as indicating cognitive facilitation due to more intense preparatory processing (Duschek & Schandry, 2004; Duschek et al., 2008, 2010; however see Duschek et al., 2007 and Reyes del Paso et al., 2015 for conflicting results).
The main hypothesis of the study pertains to a pattern of MCA blood flow modulations reflecting diminished engagement in proactive and increased engagement in reactive control in MDD patients. In the precued Stroop task, this would imply a smaller blood flow increase during the interval between the cuing signal and presentation of color words, and a stronger increase after appearance of the words. Moreover, reduced task performance was predicted in MDD patients, expressed by a longer response time (RT) to congruent and incongruent trials, as well as greater color word interference. Due to higher cognitive demands of incongruent trials, these trials were expected to be associated with stronger blood flow modulations and longer RT in the entire sample. Finally, an inverse relationship between the magnitude of the initial blood flow increase and RT was predicted for both types of trials.

Material and methods
Participants
The study was part of a larger project investigating peripheral and cerebral hemodynamic regulation in MDD and their implications for affective and cognitive symptoms (c.f. Hoffmann et al., 2017). The sample included 40 patients with a current MDD (recurrent or single episode) diagnosed according to DSM-IV criteria (American Psychiatric Association, 2000), and 40 healthy individuals (23 women and 17 men in each group). The Structured Interview for DSM-IV Disorders (SCID) (Wittchen et al., 1997) was applied for clinical diagnoses. The mean duration of the disorder (interval from first diagnosis) reported by the patients was 9.33 years (SD=6.61 years). Individuals suffering from MDD with psychotic features, and those with severe comorbid disorders (e.g. addiction, trauma or eating disorders), were excluded from participation. The screening questionnaire from the Diagnostic Expert System for Mental Disorders (DIA-X-SSQ) (Wittchen & Perkonigg, 1996) was used to rule out the presence of mental disorders in the control group. Individuals suffering from a relevant physical disease were excluded from both study groups. Physical health status was assessed by means of an anamnestic interview and a questionnaire covering diseases of the cardiovascular, respiratory, gastro-intestinal and urogenital systems, and thyroid, liver, and metabolic diseases. In total, 15 of the MDD patients were currently on psychotropic medication; 8 were taking SSRIs, 4 an SNRI or SSNRI, and 4 tricyclic or tetracyclic antidepressants; 5 of the patients were on neuroleptic medication, and none of them were using benzodiazepines. None of the participants in the control group used any kind of medication affecting the central/peripheral nervous system. 
Information about the age, extent of education, and body mass index (BMI) of the sample are included in Table 1. In addition, scores on the German version of the Beck Depression Inventory (BDI-II) (Hautzinger et al., 2006) are provided. A total of 33 participants were university students (23 in the patient group, 20 in the control group); 8 patients were unemployed and the remaining participants were recruited from the workforce. Seventy-three participants were right handed according to the Edinburgh Handedness Inventory (Oldfield, 1971); 14 participants reported to be smokers (6 in the patient group, 8 in the control group). MDD patients were recruited via local psychotherapists, psychosocial counselling centers and support groups; the control group was acquired via university facilities and internet platforms.

Experimental paradigm
The precued Stroop task was presented on a standard desktop computer using Experimental Builder software (SR Research Ltd., Ottawa, Canada). In the center of the screen, a white cross (height and width 1.3 cm) was displayed for 35 s, acting as a fixation point. Each trial began with an acoustic cue (warning tone, 400-Hz, 500 ms duration). Five seconds after the onset of the tone, one of three color words (red, blue or yellow, height 1.8 cm, width 3.8 to 4.8 cm), written in one of these colors, appeared for 1,000 ms. In each trial, the participant had to press a color-button corresponding to the color of the word, ignoring the word meaning. For this purpose, three keys on the computer keyboard (arrow keys) were marked with colored stickers. The arrangement of the keys (red, blue or yellow in the middle) was randomized across participants. Participants were instructed to respond as quickly and as accurately as possible. After the disappearance of the word, the white cross was shown again for 35 s (intertrial interval).
The task consisted of two blocks, one of which comprised 18 congruent trials (match between word color and word meaning) and the other 18 incongruent trials (mismatch between word color and word meaning). The two blocks were separated by a 1 min break. Half of the participants started with the congruent trials, and the other half with the incongruent trials. Before execution of either block, subjects were informed about the type of trials included. This enabled cognitive preparation according to the requirements of each of the trials.
Task performance was indexed by mean RT for congruent and incongruent trials. As participants made very few mistakes during the task (congruent trials: MDD patients M=0.40, SD=0.67, controls M=0.40, SD=0.63; incongruent trials: MDD patients M=0.58, SD=1.04; controls M=0.68, SD=0.80), mistakes were not considered in the analysis.

Procedure
At the beginning of the session, the SCID interview was conducted and sociodemographic and clinical data were obtained. For the purpose of cerebral hemodynamic assessment, a Multidop L2 (DWL Elektronische Systeme, Sipplingen, Germany) was applied. Blood flow velocities were recorded simultaneously in the MCA of both hemispheres through the temporal bone windows, using two 2-MHz transducer probes. (insonation depth 48-52 mm). Following vessel identification, 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.
Participants were requested not to drink alcohol or beverages containing caffeine for 3 hours prior to the experimental session. The study was approved by the Board for Ethical Questions in Science of the University of Innsbruck, Austria, and all participants provided written informed consent.

Processing of fTCD data
The envelope curves revealed by Doppler sonography were analyzed offline using the AVERAGE software (Deppe et al., 1997). Flow velocities were integrated over each cardiac cycle and averaged, time locked to the cuing stimulus. The mean flow velocity during the 10 seconds prior to the cue served as a baseline (FVbas). Relative changes (percent) in flow velocity during task execution (dFV) were calculated for both MCA using this function: dFV=[FV(t)-FVbas]X100/FVbas; FV(t) represents the flow velocity over the course of time. Following this, the data were resampled at 5 Hz. Trials involving erroneous responses of a participant were excluded from the analysis. 
In accordance with previous fTCD studies using a precued task (Duschek et al., 2010; Montoro et al., 2015) two clear-cut components of flow velocity modulations were identified in both MCA (see Figures 1a and 1b): the first component arose during the interval between the cuing tone and the appearance of the color word; the second component occurred after word presentation. The amplitudes of the two components, expressed by the individual maximum of dFV in the corresponding time windows, were used as dependent variables (see Montoro et al., 2015, Montoro et al., 2016; Reyes del Paso et al., 2015). The time windows of the first and second component were defined as seconds 2 to 4 after the cuing tone, and seconds 2 to 6 after the onset of the word, respectively. A larger time window was chosen for the second component, because the time of the appearance of the second blood flow maximum varied more strongly according to group and task condition.

Statistical Analysis
For the purpose of the statistical analysis of the fTCD data, an ANOVA with the three within-subjects factors of blood flow component (first vs. second component), condition (congruent vs. incongruent trials) and hemisphere (left vs. right MCA), and the between-subjects factor of group (hypotension vs. control group) was computed. Blood flow amplitudes for both components, conditions and hemispheres served as dependent variables. RT was analyzed using an ANOVA model with the within-subjects factor of condition (congruent vs. incongruent trials) and the between-subjects factor of group.
Relationships between blood flow amplitudes and RT were quantified in the entire sample by means of Pearson correlations. Strong correlations were seen between the amplitudes in the left and right MCA (preparation congruent trials, r=.95; preparation incongruent trials, r=.93; response congruent trial, r=.91, response incongruent trials r=.90); therefore, amplitudes aggregated across both hemispheres were used in this analysis. Alpha was set at .05 in all analyses.

Results
Figures 1a and 1b depict the time courses of the relative blood flow velocity changes in the left and right MCA during performance of congruent and incongruent trials of the Stroop task (grand averages). The extent of the first blood flow component was smaller in MDD patients than in healthy controls, in both MCA and during both conditions. In contrast, MDD patients exhibited a larger amplitude of the second component in both vessels and conditions.
The numeric values of the amplitudes of both blood flow components (maximal relative changes from baseline) for both conditions and both MCA are presented in Table 2. The ANOVA pertaining to the amplitudes did not reveal a group effect (F[1,78]=0.026, p=.87, <.001); however, a group by component interaction arose (F[1,78]=6.46, p=.013, =.077). Post hoc tests comparing the amplitudes of the two components (aggregated across both arteries and conditions) between the groups confirmed the smaller extent of the first component and the larger extent of the second component in MDD patients (first component: t[78]=1.83, p=.036; second component: t[78]=-1.69, p=.048). While the main effects of condition (F[1,78]=3.35, p=.071, =.041), blood flow component (F[1,78]=1.68, p=.20, =.021) and hemisphere (F[1,78]=0.11, p=.74, =.001) did not reach significance, an interaction between hemisphere and component arose (F[1,78]=9.10, p=.003, =.11). Post hoc tests comparing the amplitudes (aggregated across both conditions) between both MCA showed a greater amplitude of the first component in the left vs. right vessel (t[79]=1.78, p=.040); no hemispherical difference was seen for the second component (t[77]=-1.44, p=.077).
Regarding task performance, MDD patients showed longer RT than controls under both conditions (group effect: F[1,78]=12.62, p=.001, =.14) (see Figure 2). Moreover, in both groups, RT was longer for incongruent than congruent trials (condition effect: F[1,78]=66.56, p<.001, =.46); the size of the difference between the conditions was similar in both groups (interaction effect: F[1,78]=0.22, p=.64, =.003).
Correlation analysis was conducted between the amplitudes of both blood flow components (aggregated across both MCA) with RT in both types of trials. While the amplitude of the first component was only weakly related to RT (congruent trials: r=-.15, p=.091; incongruent trials: r=-.16, p=.082), the amplitude of the second component showed a positive association (congruent trials r=.26, p=.010; incongruent trials: r=.31, p=.002).

Discussion
This study aimed to investigate cerebral blood flow modulations during cognitive control in MDD based on a precued Stroop task. MDD patients exhibited smaller blood flow increases in the MCA of both hemispheres during anticipation of congruent and incongruent trials of the task than healthy individuals. In contrast, stronger flow increases were seen in patients during the interval after appearance of the color words specifying the task. RT was longer in MDD patients than in healthy individuals in both types of trial; however, the magnitude of color word interference, indexed by the difference in RT between congruent and incongruent trails, did not differ between groups. Over the total sample, the flow velocity increase after color word presentation correlated positively with RT in both types of trials.
The biphasic course of task-induced MCA blood flow modulations seen in both study groups reflects the time dynamics of cognitive control processes required in precued tasks (Duschek et al., 2010; Montoro et al., 2015). Proactive control is associated with anticipatory activation of the lateral prefrontal cortex (Braver, 2012). As this structure forms part of the perfusion territory of the MCA, the first blood flow component may reflect its activity (Haines, 2007). Furthermore, a warning stimulus preceding a cognitive task triggers a short-term increase of attentional arousal, referred to as phasic alertness (Posner & Petersen, 1990). On a cortical level, this function is represented in the dorsolateral frontal and inferior parietal lobes (Pardo et al., 1991; Paus et al., 1997). As the inferior parietal cortex is also supplied by the MCA, its activity may have additionally contributed to the initial blood flow increase. The second blood flow component, which was seen after presentation of the color words, may be attributed to reactive control, which is mediated by transient activation of a larger network comprising prefrontal regions and the anterior cingulate (Aron, 2011; Braver, 2012). However, it has been well-established that the lateral prefrontal cortex plays a key role in these processes (Braver, 2012); as such, the second component may largely be ascribable to its activation.
The most important result of this study pertains to the blood flow pattern suggesting diminished cortical processing during the proactive and augmented processing that occurs during reactive control in MDD. This is consistent with the assumption of the dual mechanisms of control theory, according to which the engagement of both modes of control varies subject to affective state (Braver et al., 2007; West et al., 2010). The reduction of the initial flow increase may reflect deficient implementation of proactive strategies in MDD. This is in line with the initially mentioned ERP studies. Vanderhasselt et al. (2012) reported a diminished P450 amplitude in response to cuing signals in an emotional conflict task in persons with remitted MDD, in addition to behavioral evidence of impaired response inhibition. In a similar vein, individuals with elevated levels of subclinical depression symptoms exhibited a reduced pre-stimulus slow wave amplitude in a Stroop paradigm (West et al., 2010). Deficient proactive control in MDD has also been suggested by earlier findings of a diminished amplitude of the contingent negative variation (CNV) in affected patients (Ashton et al., 1988; Giedke & Heimann, 1987). The CNV is an ERP that occurs during anticipation of a behaviorally relevant stimulus, and reflects the increased cortical excitability associated with the preparation for demands on the information processing system (Birbaumer et al., 1990; Duschek et al., 2013).
Impairments in proactive control have also been reported in clinical conditions other than MDD. In an fTCD study, patients with fibromyalgia syndrome showed smaller MCA blood flow modulations during preparation for arithmetic operations than healthy controls (Montoro et al., 2015). Furthermore, a diminished preparatory MCA flow increase was seen in individuals with chronically low blood pressure during a cued reaction time task (Duschek & Schandry, 2004). Deficient proactive control in connection with reduced lateral prefrontal activity has also been observed in schizophrenia patients and adults with attention-deficit/hyperactivity disorder (Barch et al., 2001; Burgess et al., 2010). These findings reflect high susceptibility to failure of proactive control in various clinical conditions. This may be explained by the high demand for cognitive resources associated with this mode of control. During proactive control, goal representations and task requirements have to be maintained continuously while controlling interference from external and internal sources of distraction in a sustained fashion (Braver, 2012). Though proactive control allows flexible adjustment to changing conditions and optimization of readiness to react, its efficient use strongly depends on the availability of cognitive resources (Manard et al., 2017). In particular, sufficient capacity for sustained attention, working memory, cognitive flexibility and processing speed are essential. There is strong evidence of limitations in each of these abilities in MDD, schizophrenia or attention-deficit/hyperactivity disorder (Pievsky & McGrath, 2017; Snyder, 2013; Stefanopoulou et al., 2009). The susceptibility of proactive control may therefore relate to the high demand that it places on basic cognitive resources, which are frequently limited in mental disorders.
Enhancement of the second blood flow component suggests increased implementation of reactive control strategies in MDD. This accords with the finding of elevated midline frontal negativity in individuals with subclinical depression symptoms, which reflects increased neural activity related to conflict detection in the Stroop task (West, 2003; West et al., 2010). However, in that study, a weak inverse relationship between symptom severity and the conflict sustained potential also arose. This potential is associated with conflict resolution and response selection (West, 2003; West et al., 2005); therefore, this result stands in contrast to the assumed link between depression symptoms and increased engagement in reactive control. By definition, the comparability of these observations with the present findings is limited. While the described ERPs reflect specific features of interference processing, the enhancement of MCA blood flow after task onset may reflect higher engagement in a variety of different processes of reactive control. These include attentional allocation, decision-making, interference control and motor processing. The conclusion that increased reactive control in MDD was presently not restricted to interference processing is evidenced by the finding that the enhancement of the second flow component also arose in incongruent trials.
The increased use of reactive control strategies in MDD may constitute a direct consequence of deficient response preparation. It has been argued that failure to implement proactive control prior to the task may lead to a greater dependency on reactive control during its actual execution (West et al., 2010). A reciprocal interaction between proactive and reactive control has also been suggested by experimental studies demonstrating that task conditions promoting proactive control are associated with decreased neural activity related to reactive control, and vice versa (c.f. Braver et al., 2007; West et al., 2010). In the present context, this implies divergence in the temporal dynamics of the cortical response in MDD, in the sense of a shift of activation towards the later processing period. In blood flow modulations, this is reflected by enhancement of the second flow component relative to the first one in patients. Considering this, increased engagement in reactive control in MDD may be regarded as an intention to compensate for deficient task preparation. 
A somewhat surprising result pertains to the lack of any difference in cerebral blood flow amplitudes between the two task conditions. Although in terms of behavior the higher cognitive load of incongruent trials due to color word interference led to longer RT during the incongruent condition, this effect was not reflected in cerebral blood flow. This is in contrast to a recent fTCD study investigating proactive control in a healthy sample based on a precued antisaccade paradigm (Duschek et al., 2017). That study revealed a stronger MCA blood flow increase during preparation of antisaccades than prosaccades (i.e., eye movements in the opposite direction vs. the same direction of a moving stimulus). This was ascribed to higher mental load during proactive control of antisaccades, particularly proactive inhibition of automatized saccadic responses (Ballanger, 2009). It may be that the cortical resources required therein exceed those of proactive interference control in our Stroop task.
Another unexpected result concerns the stronger blood flow increase in the left vs. right MCA during response preparation. This is in contrast to earlier fTCD studies based on precued tasks revealing stronger right hemispherical flow modulations (Duschek et al., 2007, 2008, 2010), which were attributed to the dominance of the right hemisphere in the control of attentional arousal (Posner & Peterson, 1990). The divergence of the present findings may at least partly be explained by lateralization of motor processing. While in the aforementioned studies half of the responses were carried out with the right hand and half with the left, most of the participants in the present study (91%) used the right hand for the entire task. Anticipation of the movement of the right hand may have augmented left hemispheric blood flow increase. 
Regarding their performance on the Stroop task, MDD patients exhibited a markedly longer RT than healthy individuals in both conditions. However, the extent of color word interference, indexed by the RT increase in incongruent as opposed to congruent trials, did not differ between groups. Color word interference reflects the executive functions of inhibition and interference control (Miyake et al., 2000; Van Mourik et al., 2005). The lack of any deficit in this domain in our patients contrasts with previous findings (c.f. Snyder. 2013). Rather, the result suggests a general cognitive slowing in our patients, which manifested irrespective of task difficulty. This is in line with previous observations of generally reduced speed of information processing in MDD (Ahern & Semkovska, 2017; McDermott & Ebmeier, 2009).
The predicted inverse association between the blood flow increase during proactive control and RT only arose at a trend level: over the total sample, the amplitude of the second blood flow component correlated positively with RT during congruent and incongruent trials, indicating that stronger cortical activity during reactive control was associated with poorer task performance. According to the reasoning presented above, enhanced engagement in reactive control may be considered as a strategy to compensate for deficient preparatory processes (Braver, 2007; West et al., 2010). However, this strategy seems to be ineffective, as increased reactive control was even related to lower task performance. In a similar vein, the neural efficiency hypothesis of cognition interprets inverse associations between neural activity and performance in terms of increased effort due to poor cognitive resources (Neubauer & Fink, 2009). On the other hand, better cognitive performance is related to lower (and therefore more efficient) brain activity (for previous findings of inverse associations between blood flow modulations and performance in attention and executive function tasks and related discussions, c.f. Reyes del Paso et al., 2015 and Schuepbach et al., 2016).
A relevant limitation of this study pertains to the use of psychotropic medication in MDD patients, fifteen of whom were taking various kinds of drugs potentially influencing cognition and cerebral blood flow modulations. As the corresponding case numbers were too small for subgroup comparisons, no conclusions may be drawn regarding the degree to which the medication may have affected the findings. Regarding the cognitive task, the lack of control regarding the hand used to enter the response restricts the interpretability of the results on the laterality of blood flow modulations.
In summation, our analysis of cerebral blood flow modulations revealed evidence of reduced cortical activity during proactive and increased cortical activity during reactive control in patients with MDD. Proactive control is an efficient mechanism optimizing readiness to react and behavioral performance (Aron, 2011; Braver, 2012; Connolly et al., 2002); as such, deficient implementation of this strategy is certainly of clinical relevance. Due to impaired proactive control, MDD patients may rely more heavily on reactive strategies, expressed by increased cortical activity after task presentation. However, the inverse relationship between the blood flow increase during reactive control and task performance indicates that this strategy is insufficient to compensate for deficits in preparatory cognitive processing.
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Table 1. Sample characteristics: mean values (M) and standard deviations (SD) and the group comparison statistics.
	
	MDD patients
	Control group
	
	
	

	
	   M (SD)
	   M (SD)
	F[1,78]
	  p
	

	Age (years)
	28.90 (7.31)
	29.18 (7.02)
	0.002
	.86
	<.001

	Extent of education (years)
	15.04 (3.83)
	16.60 (3.24)
	3.88
	.052
	.047

	Body mass index (kg/m2)
	23.00 (3.17)
	22.64 (2.70)
	0.30
	.59
	<.01

	Beck Depression Inventory (BDI-II)
	28.90 (8.79)
	2.45 (3.04)
	323.52
	<.001
	.81






Table 2. Mean values (M) and standard deviations (SD) of the amplitudes of the two blood flow velocity components (maximal relative changes from baseline in %).
	
	MDD patients
	            Control group

	
	M (SD)
	M (SD)

	Congruent condition
	
	

	Preparation left MCA
	2.68 (2.80)
	3.75 (2.93)

	Preparation right MCA
	2.50 (2.59)
	3.69 (2.51)

	Response left MCA
	4.43 (4.18)
	3.16 (2.71)

	Response right MCA
	4.74 (4.06)
	3.66 (2.64)

	Incongruent condition
	
	

	Preparation left MCA
	3.71 (2.39)
	4.52 (3.37)

	Preparation right MCA
	3.51 (2.36)
	4.31 (3.15)

	Response left MCA
	4.76 (3.66)
	3.63 (3.36)

	Response right MCA
	4.74 (3.53)
	3.78 (3.47)





Figure captions

Figure 1a. MCA blood flow modulations during congruent trials of the Stroop task (grand average)
Figure 1b. MCA blood flow modulations during incongruent trials of the Stroop task (grand average)
Figure 2. Response times for congruent and incongruent trials (bars denote standard errors of the mean)
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