
Clinically depressed adults demonstrate deficits in cog-
nitive control (Austin, Mitchell, & Goodwin, 2001; Ot-
towitz, Tondo, Dougherty, & Savage, 2002; Rogers et al., 
2004). Cognitive control facilitates, among other facul-
ties, the following: attention allocation, encoding goal-
relevant information, the inhibition of processing of ir-
relevant information, monitoring performance, and using 
feedback to adjust future responding (MacDonald, Cohen, 
Stenger, & Carter, 2000; Ridderinkhof, Ullsperger, Crone, 
& Nieuwenhuis, 2004). In particular, relative to healthy 
controls, depressed individuals demonstrate abnormal (ei-
ther hyper- or hypo-) activity in neural regions underlying 
cognitive control and poor behavioral performance during 
demanding cognitive tasks (Holmes & Pizzagalli, 2008; 
Okada, Okamoto, Morinobu, & Yamawaki, 2003; Pizza-
galli, Peccoralo, Davidson, & Cohen, 2006).

The reasons for poor performance during cognitive tasks 
in depression are unclear. The tendency to engage in in-
trinsic processing—for example, focusing on negative au-
tomatic thoughts—has been hypothesized to use cognitive 
resources that would otherwise be allocated to a cognitive 
task resulting in poor performance (Christopher & Mac-
Donald, 2005; Holmes & Pizzagalli, 2007, 2008). Con-
sistent with this hypothesis, relative to controls, depressed 

participants demonstrate a hyperactivation in neural regions 
that are implicated in affective processing, such as the ros-
tral anterior cingulate, after making an initial error on a 
demanding cognitive task, which is subsequently associ-
ated with a failure to recruit dorsolateral prefrontal cortex 
(DLPFC) based cognitive control and poorer subsequent 
performance on the task (Holmes & Pizzagalli, 2008). 
Similarly, depressed participants who were experimentally 
induced to ruminate—that is, to repetitively focus on them-
selves and the nature and implications of their negative feel-
ings (Nolen-Hoeksema, 1991; Watkins & Brown, 2002), 
prior to engaging in a cognitive task—experienced more 
sadness and intrinsic intrusive thoughts and produced more 
errors than they did when they were induced to engage in 
distraction by focusing on external information unrelated 
to symptoms or feelings (Watkins & Brown, 2002). Fur-
thermore, depressed participants demonstrate difficulty in-
hibiting irrelevant negative material from working memory 
(Joormann & Gotlib, 2008). Thus, studies could suggest 
that depressed individuals engage in increased intrinsic 
processing that potentially depletes or taxes the ability to 
engage in controlled processing of information.

Alternately, evidence suggests that poor cognitive per-
formance may be more related to a lack of cognitive re-
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to experiencing increased frustration and irritation during 
the PASAT (Feldner, Leen-Feldner, Zvolensky, & Lejuez, 
2006); increased levels of anger and frustration induced 
by the PASAT are associated with lower performance in 
healthy, nondepressed individuals (Gow & Deary, 2004). 
Thus, the PASAT seemed a particularly apt task for assess-
ing whether task-related and intrinsic processing contrib-
ute independently to performance in depressed individu-
als. We hypothesized that clinically depressed individuals 
may be especially likely to ruminate in response to failure 
during the task and may thus be particularly vulnerable to 
poor performance, particularly involving the commission 
of consecutive errors due to devoting processing resources 
to intrinsically generated cognitions and emotions.

In the present study, we therefore used consecutive er-
rors on the PASAT as a general marker of cognitive per-
formance and as a potential index of the impact of inter-
fering intrinsic cognitions and emotions (Ratcliff, 1976). 
We examined pupillary responses as a psychophysiologi-
cal index of resource allocation (Fish & Granholm, 2008; 
Granholm, Asarnow, Sarkin, & Dykes, 1996). Pupillary 
motility reflects activity in a variety of brain regions that 
are involved in information processing (e.g., sensory, 
attention, memory, or motor output), including regions 
that subserve emotion (Koikegami & Yoshida, 1953). Of 
particular importance for the present study, neuroimaging 
studies in which pupillary motility is measured consis-
tently demonstrate associations of pupil dilation and activ-
ity in prefrontal regions (Johnstone, van Reekum, Urry, 
Kalin, & Davidson, 2007; Siegle, Steinhauer, Stenger, Ko-
necky, & Carter, 2003). Pupil size increases with process-
ing demands and in response to emotional information 
(for reviews, see Beatty, 1982b; Steinhauer & Hakerem, 
1992). Furthermore, pupil dilation persists if the demand 
is sustained (Beatty, 1982a). However, the pupil will only 
increase systematically with increasing processing de-
mands that are below absolute resource limits; it reaches 
an asymptote when it is at or near resource limits, and it 
declines when processing demands exceed available re-
sources (Granholm et al., 1996). These findings highlight 
that the ability to perform a task depends on the degree 
to which processing resources can be kept at or above 
a certain threshold. When two tasks are simultaneously 
competing for the same cognitive resources, the ability to 
successfully engage in both tasks depends on the degree 
to which resources can be kept at or above both tasks’ 
required thresholds (Wickens, 2002). Thus, to fully under-
stand performance on both tasks requires measuring the 
degree to which resources are being allocated to each task 
(Salvucci & Taatgen, 2008). In addition, considering si-
multaneously the degree to which cognitive resources are 
being allocated to both tasks provides a better estimate of 
how close individuals are to having processing demands 
exceed available resources.

Since the pupil is expected to index resource allocation 
to both task-relevant (e.g., auditory encoding of informa-
tion) and intrinsic (e.g., “I failed at this task like I fail at 
everything else”) processing, we worked to separate phys-
iological indicators of these two processes. Task-relevant 
cognitive operations per trial during the PASAT are esti-

sources that are necessary to do the task independent of 
engaging in intrinsic processing. Some investigations have 
demonstrated deficits in behavioral performance, which 
coincides with decreased neural activation in brain regions 
that are critical for cognitive control in the absence of ac-
tivity in neural regions that are implicated in emotional 
processing (Audenaert et al., 2002; Elliott, Baker, et al., 
1997; Okada et al., 2003). Depressed adults, relative to 
controls, have also demonstrated abnormal (either hyper- 
or hypo-) activity in dorsolateral prefrontal regions on 
cognitive tasks in the presence of intact behavioral perfor-
mance (Fitzgerald et al., 2008; Harvey et al., 2005; Siegle, 
Thompson, Carter, Steinhauer, & Thase, 2007). Although 
the directionality of these findings is mixed, the consistent 
identification of this region in relevant studies suggests 
a fundamental impairment that is potentially associated 
with an inefficiency or a lack of prefrontal resources in 
depression. Recent studies specifically suggested that the 
directionality of the abnormality may be clarified by con-
trolling for performance, so that depressed participants 
display increased DLPFC in order to maintain the same 
degree of task performance as controls across increasing 
levels of task difficulty (Matsuo et al., 2007; Walter, Wolf, 
Spitzer, & Vasic, 2007), although this finding must be rep-
licated. Potentially, it is still possible for depressed per-
sons to recruit their remaining resources to compensate 
for overall deficits in cognitive control. In contrast, when 
cognitive control resources are significantly taxed during 
difficult tasks, depressed individuals cannot compensate 
because all cognitive resources are being used (Walter 
et al., 2007). These findings suggest that cognitive defi-
cits in depression could be a result of a decreased ability to 
allocate cognitive resources to demanding tasks.

In summary, it is unclear whether naturally occurring 
intrinsic information processing is associated with de-
creased performance above and beyond task-related pro-
cessing. However, given that depression is associated with 
elevated negative cognitions and rumination (Riso et al., 
2003; Siegle, Moore, & Thase, 2004), it is highly unlikely 
that these emotional and cognitive processes cease to 
occur when depressed individuals engage in activities that 
require cognitive control in their everyday life. Thus, we 
favor the hypothesis that engaging in intrinsic processing 
is likely to deplete or tax the ability to engage in controlled 
processing of information. Therefore, in the present study, 
we examined the degree to which controlled processing 
deficits in depression are associated with physiological 
indicators of both task-related and intrinsic processing 
during the paced auditory serial addition task (PASAT; 
Gronwall, 1977). 

The PASAT was chosen because it explicitly assesses 
information processing capacity and yields a high pro-
portion of errors (Tombaugh, 2006). During the PASAT, 
individuals hear a string of digits and must sequentially 
compute the sum of the two previously presented digits. 
Thus, completion of the PASAT requires continuous con-
trolled processing. The task recruits dorsal neural systems 
that have been previously implicated in cognitive control 
(Lazeron, Rombouts, de Sonneville, Barkhof, & Schel-
tens, 2003). Trait ruminators are particularly vulnerable 
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the task and experiencing random lapses in attention, re-
vealed comparable power at the stimulus frequency (M  
.32, SD  .03) and an increase in power that was slower 
than the task frequency (M  .21, SD  .05; Figures 1C 
and 2C).

To simulate potential interference of rumination with 
cognition, we simulated a situation in which slow intrinsic 
processing would interfere with task-related processing. 
This was done by removing delta functions from the first 
simulation (as in the second simulation) whenever ran-
dom slow events were inserted (as in the third simulation), 
and convolving the resulting waveform with the pupillary 
impulse response. Wavelet analysis indicated comparable 
stimulus-related power to the second simulation (lapses in 
attention) (M  .20, SD  .02) and a modest increase in 
power that was slower than the task frequency relative to 
both the first simulation (solely doing the task) and sec-
ond simulation (lapses in attention) (M  .07, SD  .02; 
Figures 1D and 2D).

Finally, to examine whether this type of analysis would 
be confounded if depressed participants did not ruminate, 
but rather had systematically slowed or delayed pupillary 
responses to stimuli, we simulated a slowed and delayed 
impulse response by convolving the response employed in 
Figures 2A–2D with a uniform smoothing kernel and mul-
tiplying it by 2 to equate response magnitudes (Figure 2E). 
Using this kernel, we reran the same simulations from Fig-
ure 2A. Results, shown in Figure 2F, show that although 
task power decreased using this kernel, off-task power did 
not increase. Thus, if we empirically observe decreased 
power at the task frequency in depressed participants, it 
could be due to systematically slowed delayed responses.

Thus, simulations support the utility of wavelet decom-
position for dynamic detection of independent or inter-
acting influences of processes that are associated with 
task-related and intrinsic processing during a continuous 
cognitive task.

On the basis of the reviewed research, we predicted that 
depressed participants would have a greater probability of 
making consecutive errors than would controls. Subse-
quently, we attempted to determine whether differences in 
performance between depressed participants and controls 
could be accounted for by a decreased allocation of cogni-
tive resources to doing the task and/or increased allocation 
of cognitive resources to largely task-unrelated processing 
using a novel peripheral psychophysiological measure of 
cognitive resource allocation.

METHOD

Participants
Participants included 19 never-depressed controls and 56 patients 

who were diagnosed with unipolar depression. Depressed partici-
pants were diagnosed as having a current major depressive episode 
via a structured clinical interview (SCID–I; First, Spitzer, Gibbon, 
& Williams, 1996) and were recruited from the Intensive Outpa-
tient Program at the Western Psychiatric Institute and Clinic. Par-
ticipants could not meet criteria for either current or past bipolar or 
psychotic disorder. In addition, participants could not meet criteria 
for substance- use disorders during the 3 months prior to assess-
ment. Given the fairly severe nature of this sample, 47 participants 

mated to take approximately 1 sec and to occur in phase 
with stimulus presentation (Ratcliff, 1976). Therefore, our 
guiding assumption is that pupillary motility occurring at 
the frequency of task stimuli reflects task-related cogni-
tions (e.g., 1 stimulus every 2.4 sec, which is equivalent to 
0.42 Hz). Pupillary motility occurring at slower frequen-
cies may reflect longer lasting intrinsic processes that are 
not associated with processing each stimulus, such as ru-
mination, in addition to other noncognitive features, such 
as measurement noise.

We used a statistical technique known as wavelet de-
composition to quantify pupillary motility at, and slower 
than, the stimulus frequency during the PASAT (Torrence 
& Compo, 1998). This technique breaks down responses 
into those that are reliably detected to occur at the same 
rate at which stimuli are presented (i.e., that represent 
task-related responses) and those that occur at other fre-
quencies, presumably representing less-task-related pro-
cesses. Wavelet analysis of pupil dilation has been used 
to identify differences in cognitive states such as focused 
versus distracted attention and alertness versus sleepiness 
(Marshall, 2007; Wilhelm et al., 2001).

Simulations of Pupillary Motility on the PASAT
We conducted computer simulations to evaluate the 

extent to which pupillary motility would be expected to 
capture task-related and intrinsic processing. First, we 
simulated allocating resources to a task requiring cogni-
tive processing every 2 sec (0.5 Hz). This was done by 
convolving a pupillary impulse response from a cued re-
action time (RT) task (from Siegle, Granholm, Ingram, 
& Matt, 2001) with a delta function representing events 
spaced 2 sec apart. Figure 1A shows the spectral power 
throughout the frequency domain as a function of time 
in this simulation, derived via Morelet wavelet decom-
position. As was expected, spectral power in the 0.5-Hz 
band was observed (i.e., on-task resource allocation; M  
.33, SD  .00), and no power was observed at other fre-
quencies, especially those below 0.37 Hz (i.e., no off-task 
resource allocation; M  .00, SD  .00; Figure 1A, Fig-
ure 2A). Then, we modeled random failures to allocate re-
sources to the task—simulating the experience of task dis-
engagement without a corresponding increase in intrinsic 
processes. This was done by removing random simulated 
pupil responses from our first simulation. Spectral power 
was observed at 0.5 Hz during intervals representing the 
simulated pupil response, with gaps in power at 0.5 Hz 
during time intervals during which no pupil response oc-
curred. This translated into decreased indices of on-task 
resource allocation (M  .23, SD  .02), but into neg-
ligible indices of off-task resource allocation (M  .01, 
SD  .00; Figures 1B and 2B).

We next simulated slow intrinsic processing occurring 
in addition to task-related processing by adding occasional 
10-sec boxcars that were convolved by the pupillary im-
pulse response to the data from the first simulation. This 
simulation reflects the idea that task-related and intrinsic 
information processing can occur independently and do 
not interfere with one another. As was expected, wave-
let decomposition, relative to simulations of solely doing 
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did controls (see Table 2). The distribution of gender between the 
groups did not differ ( 2  0.921, p  .337), and the groups did not 
differ either in estimates of verbal intelligence or in psychomotor 
speed (as was indexed by their RTs during the PASAT).

Apparatus
A computer-based version of the PASAT was presented on a moni-

tor that was approximately 65 cm away from the participant. Auditory 
stimuli were presented using four surround-sound speakers attached 
to the PC. Pupillary data were collected at 60 Hz (every 16.7 msec) 
in a moderately lit room (0.56-fc illuminance); the lighting was held 
constant across participants using a table-mounted ISCAN, Inc., 
RK726 video-based infrared pupilometer. The equipment digitized 
the video image and calculated the diameter of the pupil.

were taking psychotropic medications, primarily SSRIs, but also 
mood stabilizers, antipsychotics, antianxiolytics, buproprion HC, 
and tricyclic antidepressants (see Table 1), and medications for high 
blood pressure, insomnia, and birth control. Controls were recruited 
through flyers posted around the community advertising a study for 
never-depressed individuals, or they were contacted from an exist-
ing database of individuals who had previously signed consent to 
be recontacted for future studies in our lab. Controls had no current 
or historical Axis I disorder, which was determined by using the 
SCID–I interview. All of the participants scored within the normal 
range on the national adult reading test (NART–II VIQ 80; Nelson 
& Willison, 1991) and had normal corrected vision (20/30 using a 
handheld eye chart). The depressed participants were significantly 
older and engaged in significantly higher levels of rumination than 

Figure 1. (A) Simulated pupillary response with no lapses in attention. The solid white band indicates strong spectral power at 0.5 Hz. 
In the color version of the figure, located online, the yellow and red colors indicate strong spectral power at 0.5 Hz. (B) Simulated at-
tentional lapses. Gaps in the solid white band at 0.5 Hz indicate decreased spectral power at 0.5 Hz. Gaps in the yellow and red band at 
0.5 Hz indicate decreased spectral power at 0.5 Hz (color version). (C) Simulated ruminative thoughts entailing trying to do the task. 
White bands and black spaces enclosed in white represent high spectral power. Yellow and red colors represent high spectral power 
(color version). When rumination occurs, there is increased spectral power 0.37 Hz and increased spectral power at 0.5 Hz. (D) Simu-
lated rumination entailing not doing the task. White bands and black spaces enclosed in white represent high spectral power. Yellow 
and red colors represent high spectral power (color version). When rumination occurs, there is increased spectral power 0.37 Hz and 
decreased spectral power at 0.5 Hz. (E) Impulse response used to simulate slowed delayed response to stimuli. (F) Simulated power 
spectrum associated with slowed delayed responses.
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increasing task difficulty were administered by reducing the inter-
stimulus interval (ISI) in consecutive blocks from 2,400 msec (~74 
addition trials in 180 sec, each lasting 2,400 msec from the onset 
of one stimulus to the onset of the next) to 2,000 msec (~90 addi-
tion trials/180 sec) to 1,600 msec (~113 addition trials/180 sec) to 
1,200 msec (~150 addition trials/180 sec). Participants were given 
at least a 30-sec break between blocks. During the task, participants’ 
trial-by-trial performance was displayed continuously on-screen in 
the form of the total number of responses correct, missed, and in-
correct. This testing period was preceded by a short practice period 
at 2,400 msec lasting approximately 30 sec. Given that faster rates 
during the PASAT tend to be less sensitive to between-groups dif-
ferences than are slower rates (Tombaugh, 2006, p. 55), we decided 
a priori to analyze the 2,400-msec block.2

Measures
National Adult Reading Test (NART–II). The NART–II (Nel-

son & Willison, 1991) was administered to be sure that participants 
had the cognitive and linguistic ability to complete the proposed 
task. The NART–II is a quick cognitive screening measure requiring 
minimal effort. It involves asking individuals to pronounce a list of 
50 words. The test has been shown to have high correlations with 
WAIS–R verbal intelligence quotient (VIQ) scores (r  .83) and 
is appropriate for use with depressed individuals because it is not 
affected by poor concentration or motivation.

Rumination/Reflection Questionnaire (RRQ). The RRQ 
(Trapnell & Campbell, 1999) was used to assess the trait rumina-
tion. The 12-item rumination subscale assesses negative recurrent 
thoughts about the self that are prompted by threats, losses, or in-
justices to the self (e.g., “I tend to ‘ruminate’ or dwell over things 
that happen to me for a really long time afterward”). Items are rated 
on a 5-point scale ranging from 1 (strongly disagree) to 5 (strongly 
agree). Previous studies have demonstrated convergent validity 

Procedure
Participants were recruited to participate in a larger study assess-

ing the efficacy of a cognitive control training intervention that was 
theorized to increase prefrontal function and decrease rumination 
(see Siegle, Ghinassi, & Thase, 2007). The presented data are taken 
only from the initial two assessments prior to participants’ engaging 
in the intervention. During an initial assessment, participants signed 
consent forms and received an SCID–I (First et al., 1996). In addi-
tion, participants completed a vision test and the NART–II (Nelson 
& Willison, 1991). On a subsequent day, participants returned to 
the lab and completed the PASAT (Gronwall, 1977), which was fol-
lowed by an assessment of mood and rumination.1 The PASAT was 
originally administered to collect a baseline of the subjects’ pre-
frontal control in the context of the larger study. Pupil data were 
collected simultaneously during the completion of the PASAT. 

Tasks
A computer-based version of the PASAT (Gronwall, 1977) was 

used in the present investigation. During the task, a series of num-
bers from 1 to 9 were administered via a digital recording emanat-
ing randomly from four different quadrants surrounding the par-
ticipant. Participants were asked to (1) add the number presented to 
the number immediately preceding it, (2) enter the calculated sum 
via a mouse pointer by pressing the numbered buttons 1–18 dis-
played in a circular pattern on-screen, and then (3) pay attention to 
the next incoming number of the auditory series to repeat the pro-
cess. For example, given the series 1, 4, 3, a participant would add 
the pair “1, 4,” click the response “5,” add the next number “3” to 
the previously presented number “4,” click the response “7,” and so 
on. Participants were told, “Don’t worry if you make a mistake or 
leave some out. I want to see not only how long you can keep going 
without stopping but also how quickly you can pick up again if you 
do stop.” Consistent with the standard PASAT, four 3-min blocks of 
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culated the mean spectral power for each participant at the frequency 
at which the task was occurring (henceforth “on-task” power, our 
index of task-related resource allocation). Alternately, for each par-
ticipant, we calculated the mean wavelet spectral power at and below 
0.37 Hz; that is, we calculated the mean spectral power in frequency 
bands occurring slower than the frequency at which the task was oc-
curring (henceforth, “off-task” power, our index of off-task resource 
allocation). Given that the task occurred at 0.417 Hz, we chose to 
calculate spectral power at and below 0.37 Hz to minimize the over-
lap between our measures of off-task resource allocation and on-task 
resource allocation. Power above the stimulus frequency was not 
examined, since it could reflect more transient processes and physi-
ological artifacts.

Performance. Performance for each trial was captured by the 
PASAT software. Missing responses and wrong responses were 
coded as incorrect responses. Late responses, defined as providing 
a correct answer to the previous trial on the current trial, were not 
analyzed; that is, they were coded neither as errors nor as correct 
trials. There were no differences between depressed participants and 
controls in terms of the number of late responses. Complete analyses 
of late trials, along with their relationship to physiological reactiv-
ity, are available from the authors upon request. Errors were used 
to calculate the probability that a participant would make consecu-
tive errors during the task. The probability of making consecutive 
errors—that is, p(errort| errort 1)—was calculated as the number of 
errors made immediately after an error during a block, divided by 
the total number of errors during the block.4

RESULTS

Performance
The task was sufficiently difficult (M errors  55.9, 

SD  17.0, out of 75 trials) to yield interpretable analyses 
of consecutive errors. Depressed participants made more 
consecutive errors [M p(errort| errort 1)  .46, SD  .23] 
than did controls (M  .30, SD  .18) (b  .16, SE  
.057,   .31) [t(73)  2.82, p  .006, d  0.79].

Associations of pupillary frequency measures with 
performance. We next examined whether pupillary mea-
sures that were hypothesized to index neural substrates 
of resource allocation were associated with performance. 
At the zero-order level, off-task power was significantly 
correlated with on-task processing (r  .80, p  .0005) 
and with p(errort| errort 1) (r  .26, p  .023) (see Fig-
ure 3). However, on-task power was not significantly cor-
related with p(errort| errort 1) (r  .06, p  .586). Given 
the imprecise nature of our index of off-task processing, 
this index may also reflect some degree of on-task re-
source allocation—for example, being delayed in one’s 
ability to produce the sum to a current trial. To clarify 
the relationship between on-task and off-task power with 

(Trapnell & Campbell, 1999) and good internal reliability (   .90) 
(Jones, Papadakis, Hogan, & Strauman, 2009; Segerstrom, Stan-
ton, Alden, & Shortridge, 2003; Trapnell & Campbell, 1999), and 
3-week test–retest stability (r  .80) (Takano & Tanno, 2009).3

Data Selection, Cleaning, and Reduction
Calculation of pupil dilation indices. The data were cleaned 

using methodology previously described (Siegle, Steinhauer, & 
Thase, 2004). Briefly, following linear interpolation through blinks, 
data were smoothed using a 5-point unweighted average filter that 
was applied twice. Linear trends in pupil dilation calculated over 
experimental blocks were then removed from pupil dilation data 
to eliminate the effects of slow drift in pupil diameter. Pupil dila-
tion in response to each trial was calculated by subtracting the pupil 
diameter in the 60 msec preceding stimulus onset from the pupil-
lary response throughout the trial. These data were used to calculate 
a measure of peak pupil dilation for correct and incorrect trials in 
order to examine the effect of drugs on the pupil.

Wavelet transformation. The cleaned pupil data were also sub-
jected to a continuous wavelet transform algorithm to calculate the 
wavelet power spectrum using the “wavelet” function from Torrence 
and Compo’s (1998) wavelet toolkit for MATLAB (The MathWorks, 
Inc., Natick, MA). A Morlet wavelet (wavenumber w0  6) was 
chosen as the mother wavelet, given its resemblance to the pupillary 
impulse response. Wavelet spectral power was normalized by divid-
ing each band by its spectral frequency so that equivalent magnitude 
sine waves at any frequency were considered to have equivalent 
spectral power. This was done to control for the phenomenon that 
for the same magnitude of time-domain response, wavelet power 
in high frequencies is actually lower than wavelet power at lower 
frequencies. On the basis of our design, mean wavelet spectral power 
was calculated at 0.417 Hz for ISI 2,400-msec trials; that is, we cal-

Table 1 
Demographic and Medication Status of Participants

Controls  
(n  19)

Depressed  
(n  56)

  Frequency  %  Frequency  %

Sex
 Female 15 79 37 67

Ethnicity
 Caucasian 15 79 44 80
 African-American 2 10.5 11 20
 Asian 2 10.5 0 0

Medications
 SSRIs 0 0 39 70
 Mood stabilizers 0 0 10 18
 Antipsychotics 0 0 5 9
 Antianxiolytics 0 0 14 25
 Tricyclic antidepressants 0 0 1 2
 Buproprin HC 0 0 8 14

Note—SSRIs, selective serotonin reuptake inhibitors.

Table 2 
Group Differences in Age, Intelligence, and Motor Speed

Controls Depressed

  M  SD  M  SD  t Value  d

Age 33.1 12.5 39.4 10.2 2.20 0.56*

VIQ (NART–II) 111.3 9.6 111.1 7.8 0.06 0.02
Rumination (RRQ) 28.7 7.7 47.2 9.4 7.74 2.16***

Reaction time (sec) 1.64 0.20 1.66 0.28 0.26 0.07

Note—VIQ, Estimated Verbal Intelligence Quotient; NART–II, National Adult Read-
ing Test; RRQ, Rumination/Reflection Questionnaire. *p  .05. ***p  .0001. 
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allocated cognitive resources to off-task processing and/or 
on-task processing.

Group differences in on-task and off-task spectral 
power. Classical mediation analysis (Baron & Kenny, 
1986) can be used to examine the extent to which vari-
ance in performance that is associated with depression 
is accounted for by group differences in spectral power, 
although we were not formally testing a causal relation-
ship. Our previous analysis satisfied the first step in deter-
mining mediation—that is, showing that depression status 
is associated with poorer cognitive performance. Next, 
we examined whether or not the groups differed on on-
task and off-task spectral power (mediators). Given the 
high degree of overlap between these two constructs, we 
controlled for the alternate measure of resource allocation 
subsequent to examining group differences using multiple 
regression analyses. The overall model predicting off-
task power from depression status controlling for on-task 
power was significant [F(2,72)  73.92, p  .0001, R2  
.67]. The depressed group (least-squares M  .17) had 
greater off-task power than did the controls (least-squares 
M  .11) (b  .05, SE  .021,   .18, sr2  .03, p  
.010) after controlling for on-task power (b  1.16, SE  
.096,   .84, sr2  .67, p  .0001). Similarly, the overall 
model predicting on-task power from depression status 
controlling for off-task power was significant [F(2,72)  
79.92, p  .0001, R2  .69]. The depressed group (least-
squares M  .10) had less on-task power than did controls 
(least-squares M  .15) (b  .05, SE  .014,   .22, 
sr2  .05, p  .001) after controlling for off-task power 
(b  .58, SE  .048,   .80, sr2  .64, p  .0001). 
These results suggest that depressed participants allocated 
fewer resources to the task and more cognitive resources 
to off-task processing, satisfying the second criteria for 
mediation (Baron & Kenny, 1986). In our final two steps 
to test for mediation (Baron & Kenny, 1986; MacKinnon, 
Lockwood, Hoffman, West, & Sheets, 2002), we examined 
(1) whether off-task power (or on-task power) controlling 
for on-task power (or off-task power) and depression sta-
tus predicted cognitive performance, and (2) whether the 
magnitude of the difference in performance between the 
depressed group and controls was significantly reduced 
after accounting for both on-task and off-task power.

Test of the magnitude of the reduced effect of 
depression status on cognitive performance. A 
multiple regression analysis was conducted predicting 
p(errort| errort 1) from depression status controlling for 
off-task and on-task power. The overall model was signifi-
cant [F(3,71)  5.44, p  .0001, R2  .19]. The depressed 
group (least-squares M  .45) remained significantly 
more likely than the controls to commit consecutive er-
rors (least-squares M  .31) (b  .13, SE  .059,   .26, 
sr2  .06, p  .026) after controlling for off-task power 
(b  .79, SE  .319,   .46, sr2  .07, p  .016) and on-
task power (b  .58, SE  .453,   .24, sr2  .02, 
p  .207). The variance in performance accounted for by 
depression was slightly reduced when off-task power was 
accounted for using a Sobel test ( b  .03, z  1.80, p  
.072, pone-tailed  .036; see Figure 4). These results suggest 
that off-task power was a partial mediator of the effect of 

performance, a hierarchical regression analysis was con-
ducted [F(2,72)  5.26, p  .007, R2  .13]. As was 
expected, off-task power was associated with a greater 
p(errort| errort 1) (b  1.00, SE  .314,   .59, sr2  
.12, p  .002), and on-task power was associated with 
lower p(errort| errort 1) (b  .96, SE  .433,   .41, 
sr2  .06, p  .031). Off-task power did not interact with 
on-task power to predict p(errort| errort 1) [ R2  .00, 
t(1)  0.17, p  .868].

This pattern of results indicates the presence of a suppres-
sor situation (Conger, 1974; Tzelgov & Henik, 1991); that 
is, the simultaneous inclusion of two predictors improves 
one or both zero-order correlations with the dependant vari-
able (Paulhus, Robins, Trzesniewski, & Tracy, 2004). This 
situation was bound to occur, given the highly collinear 
nature of our measures of on- and off-task power: Any dif-
ferential effects could be revealed only when the shared 
variance was accounted for statistically. We used the Sobel 
test to evaluate the significance of these suppressor effects 
(MacKinnon, Krull, & Lockwood, 2000). The effect of on-
task power on PASAT performance significantly increased 
when off-task power was added to the equation (z  2.16, 
p  .030), and the effect of off-task power on PASAT per-
formance significantly increased when on-task power was 
added to the equation (z  3.07, p  .002). These results 
suggest that the allocation of cognitive resources to intrin-
sic processing, especially after accounting for the degree to 
which participants allocated resources to the cognitive task, 
significantly predicts poor performance.

Test to Determine Whether Resource Allocation 
Explains Group Differences in Performance

Next, we examined whether or not differences in per-
formance between the controls and depressed participants 
were accounted for by the degree to which the participants 
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1.34, p  .268]. Trait rumination was not associated with 
p(errort| errort 1) (r  .15, p  .186). These results show 
that individuals who are high in trait rumination demon-
strate increased allocation of cognitive resources to off-
task processing and decreased allocation of cognitive re-
sources to on-task processing.

Influences of medication on pupillary responses. 
The following analyses examined whether taking medi-
cations with anticholinergic effects (e.g., olanzapine) af-
fected the pupillary response. We examined the degree 
to which peak pupil dilation in response to correct and 
incorrect trials differed between depressed patients tak-
ing medications with anticholinergic effects (n  18) and 
those who were not (n  38). There were no statistical 
differences between the two groups on peak pupil dilation 
for correct trials [t(54)  1.15, p  .255, d  0.33] or 
for incorrect trials [t(54)  0.81, p  .420, d  0.22]. 
These results indicate that medications had no detectable 
effect on pupillary responses.

Importantly, regression diagnostics indicated that the 
high degree of multicollinearity between on-task and off-
task spectral power did not significantly inflate the vari-
ances of the regression coefficients in any analysis that 
contained both variables as predictors (all variance infla-
tion factors were 10; Stevens, 2002, p. 92). In addition, 
no influential data points were observed, as determined by 
Cook’s distance (Stevens, 2002, p. 132). Furthermore, we 
reconducted all major analyses controlling for age: The 
results did not significantly change any of the study’s sta-
tistical effects or conclusions.

DISCUSSION

The primary objective of the present study was to clarify 
the mechanisms underlying cognitive deficits in depres-
sion. We specifically examined whether the likelihood of 
making consecutive errors on a cognitive task (PASAT) 
in depressed participants could be explained by either de-
creased allocation of cognitive resources to the task and/or 
increases in other potentially intrinsic processes that were 
not as clearly related to the task (e.g., negative automatic 
thoughts, emotional/ruminative processing, fatigue, etc.). 

depression status on performance. In contrast, given that 
on-task power was not a significant predictor of perfor-
mance after controlling for depression status and on-task 
power, it failed to pass this criterion for mediation.

Continuous Associations of Spectral Power 
Indices With Rumination

In an attempt to understand what our measure of off-
task cognitive processing could be capturing, we examined 
the association between our power indices with the trait 
tendency to engage in rumination. Off-task and on-task 
power were not significantly correlated with rumination 
at the univariate level (r  .13, p  .272, and r  .06, 
p  .581, respectively). Multiple regression analysis with 
on-task and off-task power as predictors and rumination 
as the dependent variable revealed significant relation-
ships from the variables taken as a set [F(2,72)  3.76, 
p  .028, R2  .09]. Off-task power was positively associ-
ated with rumination (   .50, sr2  .09, p  .009), and 
on-task power was negatively associated with rumination 
(   .47, sr2  .08, p  .015). Off-power and on-task 
power did not significantly interact to predict rumination 
[ R2  .00, t(1)  0.44, p  .664]. Again, this pattern 
of results indicates that differential results could be ob-
served only after accounting for the high level of multico-
linearity that is not uniquely associated with either on- or 
off-task- related processes. The effect of on-task power on 
rumination increased significantly when off-task power 
was added to the equation (z  2.60, p  .009), and the 
effect of off-task power on rumination increased signifi-
cantly when on-task power was added to the equation (z  

2.43, p  .015). After controlling for depression diag-
nosis in the previous model, the overall model was sig-
nificant [F(3,71)  21.00, p  .0001, R2  .47], although 
the effects for on-task power (   .06, sr2  .00) and 
off-task power (   .18, sr2  .01) were nonsignificant 
( ps  .1). This was because the depression diagnosis ac-
counted for 38% of the variance in self-reported rumina-
tion (   .66, sr2  .38, p  .001), leaving little residual 
variance to be accounted for by a physiological measure. 
Depression status did not interact with on-task or off-
task power to predict rumination [ R2  .00, F(2,69)  

Depression 
Status

Off-Task Power.
On-Task Power

Probability of
Consecutive Errors
[p(errort |errort–1)]

(.31*) .26*

.46*.18*

On-Task Power.
Off-Task Power

–.22* –.24 (n.s.)

Figure 4. Model of the relationship among depression status, on-task power, off-
task power, and the probability of making consecutive errors. The values presented 
are standardized regression coefficients. The value in parentheses represents the co-
efficient for the direct (i.e., unmediated) path. Depression status was coded as 0  
controls, 1  depressed. Off-task power.on-task power represents the effects of off-
task power controlling for on-task power, and vice versa for on-task power.off-task 
power. *p  .05.
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ficult cognitive tasks (Holmes & Pizzagalli, 2008). These 
data are also consistent with research demonstrating that 
allocating processing resources to rumination during cog-
nitive tasks that require controlled processing is associ-
ated with impaired performance (Lyubomirsky, Kasri, & 
Zehm, 2003; Lyubomirsky & Nolen-Hoeksema, 1995; 
Lyubomirsky, Tucker, Caldwell, & Berg, 1999; Watkins 
& Brown, 2002). Since depressed participants still per-
formed worse than controls after accounting for both in-
dices of resource allocation, other mediating factors—in 
addition to resource allocation—clearly contribute to poor 
cognitive performance, and these were not captured in 
the present investigation. For example, research suggests 
that cognitive deficits in depression may reflect deficits 
in motivation that can be remediated by encouraging pa-
tients to set goals related to enhancing their performance 
(Scheurich et al., 2008). Similarly, research has shown that 
individual differences in exposure to stress as indexed by 
cortisol secretions, specifically within depressed individu-
als, are associated with greater cognitive control deficits 
(Hinkelmann et al., 2009). In light of our findings, our 
posited resource allocation model of cognitive deficits in 
depression would benefit from being expanded to incorpo-
rate individual differences in depression, such as exposure 
to stress and motivational impairment (Carragher, Adam-
son, Bunting, & McCann, 2009; Chen, Eaton, Gallo, & 
Nestadt, 2000; Manji, Drevets, & Charney, 2001; Nestler 
& Carlezon, 2006).

Because we did not measure self-reported rumination 
during the task, we were unable to further validate that 
our measure of intrinsic processing was directly related 
to rumination during the task. However, we found modest 
evidence linking greater resource allocation to intrinsic 
processing with higher levels of the trait tendency to en-
gage in rumination; the converse was true for task-related 
resource allocation. This finding could suggest that intrin-
sic processing in our study may be capturing ruminative 
thought processes. However, this interpretation is further 
tempered by the fact that trait rumination was unrelated 
to performance. In spite of this limitation, our results are 
consistent with existing cognitive theories of depression 
and self-regulatory theories of depression that hypothe-
size that perceived failure can initiate or exacerbate nega-
tively biased cognitions, and possibly negative affect, that 
derail subsequent performance (Beck, 1963, 1970, 1987; 
Pyszczynski & Greenberg, 1987; Teasdale, 1988).

Other limitations of the study warrant discussion. 
First, the majority of participants were on antidepressant 
medication (70%) that is known to cause reductions in 
rumination (Bagby et al., 1999; Schmaling, Dimidjian, 
Katon, & Sullivan, 2002). This could have resulted in an 
attenuation of the natural tendency to engage in rumina-
tion, resulting in being less off-task and thereby reducing 
the magnitude of our findings. Similarly, since all par-
ticipants were recruited from an intensive outpatient unit 
that included psychotherapy, pharmacotherapy, and the 
potential for participation in our cognitive control training 
intervention directed specifically at rumination, they may 
have been sensitized to the role that their cognitions—

Subsequently, we sought to clarify the nature of these less-
stimulus-related processes by examining their association 
with trait rumination. In order to conduct this investiga-
tion, we calculated novel indices of cognitive resource al-
location on the basis of pupil motility. Specifically, we 
created an index of task-related resource allocation on the 
basis of the assumption that pupillary motility occurring 
at the frequency of task stimuli reflects task-related cogni-
tive function. In contrast, we assumed that pupil motility 
occurring at frequencies slower than the task would reflect 
the allocation of resources to slowly unfolding potentially 
intrinsic processes that were less clearly linked to each 
stimulus. We used computer simulations to generate pre-
dictions about how each of these processes would likely 
affect pupil motility (Figure 1).

As was predicted, depressed participants had a greater 
probability of making consecutive errors during the 
PASAT. This finding is consistent with previous investi-
gations indicating that depressed individuals demonstrate 
error-related deficits on difficult cognitive tasks requiring 
cognitive control (Christopher & MacDonald, 2005; Ot-
towitz et al., 2002), and that they demonstrate difficulty 
in responding to failure feedback during cognitive tasks 
(Elliott, Sahakian, Herrod, Robbins, & Paykel, 1997; El-
liott, Sahakian, McKay, & Herrod, 1996; Holmes & Piz-
zagalli, 2007).

Also consistent with predictions, to the extent that 
pupillary responsivity reflects neural substrates of per-
formance, our data suggest that this psychophysiological 
measure could index resource allocation to task-related 
and less clearly task-related resource allocation. Allocat-
ing more resources that were not clearly tied to the stimuli 
was associated with decreased behavioral performance on 
the PASAT in both univariate and multivariate analyses. 
These findings are consistent with research demonstrating 
decreased performance during a continuous task requiring 
constant monitoring, as a result of increasing interference 
from an interspersed discrete task that vied for the same 
cognitive resources (Salvucci & Taatgen, 2008).

In addition, our index of potentially intrinsic non-task-
related physiological activity during the PASAT partially 
mediated the association between depression status and 
performance when using a one-tailed hypothesis test. 
However, allocating resources to task-related processing 
was not a significant mediator. Depressed participants in 
our sample allocated more cognitive resources to intrin-
sic processing than did the controls, who allocated more 
cognitive resources to the task. These findings suggest 
that one of the contributing factors to cognitive control 
deficits in depression is the allocation of cognitive re-
sources to intrinsic processes. On the basis of our simula-
tions (Figures 2B and 2F), consecutive errors were likely 
not associated with either an absence of task-related re-
source allocation or with systematically sustained/delayed 
responses. Our results fit with emerging neuroimaging 
research indicating that depressed patients demonstrate 
increased activation in brain regions that are associated 
with affective and emotional processing, and decreased 
activation in the dorsolateral prefrontal cortex during dif-
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NOTES

1. During both the initial assessment and the subsequent lab visit, par-
ticipants completed several other information processing and attention 
control tasks that were not examined in the present investigation.

2. The decision to analyze only the 2,400-msec data was made a priori. 
We did not feel that the other presentation rates were suitable to test our 
current hypothesis, given their level of difficulty and previous research 
suggesting that these presentation rates are not sensitive to finding group 
differences between patients with traumatic brain injuries and controls 
(Tombaugh, 2006). However, given that this was the first time we had 
used a software-based interface for responses, we were unsure whether 
we would have sufficient error rates at the 2,400-msec block to analyze; 
thus, we thought that it was best to give all three blocks. In light of the 
poor performance at even the 2,400-msec block, it was deemed accept-
able for analysis.

3. Of note, a large battery of rumination measures were administered 
(Siegle, Moore, & Thase, 2004). The RRQ was selected from these a pri-
ori as a measure likely to (1) dissociate symptomatology from rumina-
tion, and (2) specifically assess aspects of rumination that are associated 
with goal failure. For the present study, no other measures of rumination 
were analyzed, and there was no capitalization on chance results that 
were associated with one measure or another. Seven subjects were miss-
ing data on the RRQ; these missing responses were singly imputed from 
subjects’ responses to other rumination measures. We also conducted 
post hoc analyses using other rumination measures to verify that the 
results were not dependent on the type of rumination measure used.

4. We also considered using a runs test (Shah, O’Carroll, Rogers, Mof-
foot, & Ebmeier, 1999); however, this test does not distinguish between 
making correct and incorrect runs, and, in the present sample, the mean 
number of correct or incorrect runs was 20, indicating that this test 
was not appropriate.
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