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Study Objectives: To examine neural correlates of working memory performance in patients with primary insomnia (Pls) compared with well-
matched good sleepers (GSs).

Design: Twenty-five Pls and 25 GSs underwent functional MRI while performing an N-back working memory task.

Setting: VA hospital sleep laboratory and University-based functional imaging center.

Patients or Participants: 25 Pls, 25 GSs.

Interventions: N/A.

Measurements and Results: Although PIs did not differ from GSs in cognitive performance, Pls showed the expected differences from GSs in both
self-reported and objective sleep measures. Pls, relative to GSs, showed reduced activation of task-related working memory regions. This manifested
both as an overall reduction in activation of task-related regions and specifically as reduced modulation of right dorsolateral prefrontal cortex with
increasing task difficulty. Similarly, Pls showed reduced modulation (i.e., reduced deactivation) of default mode regions with increasing task difficulty,
relative to GSs. However, Pls showed intact performance.

Conclusions: These data establish a profile of abnormal neural function in primary insomnia, reflected both in reduced engagement of task-
appropriate brain regions and an inability to modulate task-irrelevant (i.e., default mode) brain areas during working memory performance. These
data have implications for better understanding the neuropathophysiology of the well established, yet little understood, discrepancy between

ubiquitous subjective cognitive complaints in primary insomnia and the rarely found objective deficits during testing.
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INTRODUCTION

Approximately 5-35% of the population report sleep distur-
bance problems at some point in their lives' and approximately
10-15% suffer from persistent insomnia.* Insomnia is associated
with diminished quality of life,>¢ reduced work productivity,’
and increased absenteeism®; it increases vulnerability for medical
disorders,*’ psychiatric disorders,'®!" and accidents and injuries'?;
and is associated with increased health care utilization'*!* and
decreased subjective physical and mental health.> In addition,
patients with insomnia often complain of impaired concentration,
memory, and ability to accomplish daily tasks. These complaints
worsen as their sleep problems increase in severity.*

Given the ubiquitous nature of daytime complaints in this
population, one would expect substantial literature supporting
the notion that patients with insomnia experience significant
objectively measured cognitive deficits. However, data to
support this concept are surprisingly sparse. Studies inves-
tigating daytime performance in patients with insomnia
have focused on three main areas of performance: atten-
tion, learning, and working memory. Overall, evidence to
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date for overt cognitive impairment in insomnia patients is
equivocal.’® Patients with insomnia exhibit slightly slower
reaction times, may show more attention lapses, often show
impaired declarative memory, typically (though not always)
show intact working memory, and may show greater deficits
on more complex versions of tasks.!!” These findings suggest
patients with insomnia may show differential vulnerability
depending on the specific cognitive process examined and/
or the difficulty level of the task. However, objective cogni-
tive performance deficits in insomnia seem to be subtle and
remain in stark contrast to the level of subjective complaint
about cognition in primary insomnia (PI).

The failure to find clear patterns of cognitive impairment may
be due to the following factors: (1) patients have an exaggerated
sense of their impairment; (2) typical cognitive tests are too
insensitive to find differences; and/or (3) there are alterations in
the neural substrates of cognitive performance in insomnia, and
these alterations relate to the discrepancy between subjective
and objective performance.' This latter hypothesis is supported
by the single functional magnetic resonance imaging (MRI)
study to assess cognition in insomnia,” as well as indirectly
supported by other functional®! or structural®>?* MRI studies
published dealing with insomnia, each of which reports abnor-
malities in insomnia relative to healthy sleepers. For example,
in the one study to date using functional MRI to examine
cognitive performance in insomnia, Altena et al.?® studied 21
patients with chronic insomnia and 12 normal control patients
during performance of two verbal fluency tasks. On each task,
patients with insomnia showed decreased cerebral responses in
left inferior frontal regions typically associated with language
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Table 1—Demographics be 25 to 50 y old; (4) not meet criteria for any Axis |
disorder other than insomnia or a specific phobia and

Cohen have no personal history of any Axis I disorder other

Gs Pl P d than a single major depressive episode or a specific

Age, years, mean + SD 324+71  323x72 0.967 -0.011 phobia; and (5) not be taking any over-the-counter
Education, years, mean = SD 15612 158x18 00684 0.119 sleep medication or psychotropic medication. Handed-
Sex, number of females (%) 12 (48) 12 (48) ness was controlled due to potential hemispheric differ-
Ethnicity, n (%) ences on imaging measures. Age range was restricted
Hispanic or Latino(a) 5 (20) 3(12) to minimize circadian rhythm influences on the diag-
Race, n (%) noses of PI, increase our ability to recruit a medically
White 17 (68) 20 (80) healthy sample, and reduce aging effects in the func-
American Indian or Alaskan Native 0 (0) 0(0) tional MRI measures. Patients with insomnia had to
Asian 4(16) 0(0) meet criteria for PI as assessed with Duke Structured
Native Hawaiian or Pacific Islander 1 (4) 0(0) Interview for Sleep Disorders, including sleep difficul-
Black or African American 2(8) 4(16) ties > 3 nights/week for > 3 months. They also had
Mixed race 1) 1) to report the following averages on 1 week of sleep
diaries (see following paragraphs): > 45 min total time

P values are univariate analyses not corrected for multiple comparisons. Cohen awake after lights out (i.e., sleep latency + wake after
d effects size§ are positive. when Pl > GS and'n(.egative when Pl < GS. GS, good sleep onset), and either < 6 h total sleep time or sleep
sleeper; PI, primary insomnia; SD, standard deviation. efficiency < 80%. Good sleepers (GSs) had to report

tasks and left prefrontal regions associated with executive
control. Performance was measured only indirectly (self-report
of number of words generated) in that study, though no group
differences were found.

Here, we seek to extend the literature by using functional
MRI to examine another fundamental capacity of human cogni-
tion, working memory. Given the suggestion in the literature
that patients with insomnia may be particularly vulnerable to
more complex tasks, we chose an N-back task with multiple
levels of difficulty. Our behavioral hypothesis was patients
with insomnia would show intact performance on N-back
tasks. Given the dearth of insomnia studies using functional
MRI to measure cognition, functional MRI hypotheses were
also informed by studies on obstructive sleep apnea, and to a
lesser extent, acute sleep deprivation. Here, we hypothesized
that patients with insomnia would show increased activation
on N-back tasks (consistent with a compensatory response to
maintain performance), and this would be most prominent on
the hardest version of the task.

METHODS

Patients

Patients were recruited from advertisements on Craigslist,
fliers posted on local college campuses and within the commu-
nity, and word of mouth. A total of 63 individuals signed
informed consent for the study. Of these, six never started the
study (all were potential patients with primary insomnia (PIs)
who did not meet eligibility criteria during the intake interview
after signing consent), and eight withdrew before completion
(reasons included anxiety during MRI, sleep study revealed
occult sleep disorder, and positive drug test). A total of 50
patients (25 with insomnia and 25 control patients) provided
data for this report. Demographics for each group are presented
in Table 1.

To be eligible, all patients needed to meet the following
criteria: (1) have a stable sleep/wake schedule with a preferred
sleep phase between 22:00 and 08:00; (2) be right handed; (3)
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(in interview and on sleep diaries) 7-9 h total sleep
time per night, an average sleep efficiency > 90%, taking fewer
than one daytime nap per week, and having no daytime perfor-
mance complaints. GSs were matched one-to-one with PIs on
age (£ 3 y), sex, and education (£ 3 y).

Procedures

Following consent, patients were (1) screened for eligi-
bility criteria listed previously; (2) completed a series of self-
report measures assessing sleep, depression, and fatigue (these
measures allowed us to better characterize and differentiate the
two samples, and provided further documentation the PIs did not
have comorbid depression); and (3) completed sleep diaries and
wore an actigraph for 7-10 days. PI and GS status was based on
interview and sleep diaries. Patients then underwent two consecu-
tive nights of polysomnography (PSG). The first night served as
an adaptation night and screen for unreported sleep disorders.
Twelve hours after waking from the second night in the laboratory,
patients underwent a functional MRI scanning session where they
completed the N-back task. Practice effects were controlled by
having patients take separate, matched versions of the task prior to
sleep on night 2. Prior pilot studies indicated patients needed two
administrations of the N-back task to reach asymptotic perfor-
mance. Patients refrained from intake of stimulants and alcohol
for 72 h prior to the functional MRI session (except for small
habitual quantities of caffeine in the morning, if appropriate).

Cognitive Task

The N-back design stresses maintenance and updating of
verbal information in working memory. The task is commonly
used in cognitive neuroscience studies and activates a reliably
replicated set of working memory brain regions.”> Although
it has been used in studies of sleep deprivation®*?” and sleep
apnea,”®? this is the first report to use the task in PI. The partici-
pant saw a series of letters on the screen, one at a time, and had
to determine if the letter currently displayed was the same as
the one presented n-letters ago. There were four levels of diffi-
culty in the task: 0-back, 1-back, 2-back, and 3-back. Condi-
tions were presented in blocks, with each block containing only
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one N-back condition (e.g., all 1-backs). The task alternated in
a pseudo-random order through four repetitions of each block
type. Participants responded via a button press whenever they
saw a target. For the 0-back condition, the letter “X” was the
target. For the 1-, 2-, and 3-back conditions, the target was a
letter that is a repeat of the letter one, two, or three letters ago,
respectively. The task began with direction reminders lasting
7.5 sec. Each block began with a 2.5-sec prompt to identify the
condition and then presented 11 letters, three of which were
targets. Letters were presented in the middle of a projector
screen for 1 sec followed by an asterisk for 1.5 sec. Targets were
placed randomly throughout the sequence (with the exception
that the initial stimuli, by definition, could not be targets, since
nothing preceded them). The task lasted 8 min, 7.5 sec.

Scanning Procedures

Functional MRI scans were acquired at the UCSD Center
for Functional Magnetic Resonance Imaging using a GE Signa
EXCITE 3.0T whole-body imaging system. Sessions were sched-
uled 12 h after habitual wake time for each patient. Each scan
session contained three primary scans: a field map, an anatomical
image of the brain, and a set of functional images acquired during
performance of N-back. Anatomical scans used a T1-weighted
fast spoiled gradient echo (FSPGR) pulse sequence (echo time
(TE) = 4 ms, flip angle = 90°, 1 mm? resolution). The functional
scans were sensitive to the T2*-weighted blood oxygenation level
dependent (BOLD) signal, and 192 gradient echo, echo planar
images were collected across 32 4-mm axial slices covering the
whole brain (repetition time = 2,500 ms, TE = 30 ms, image
matrix = 64 x 64, 4 x 4 x 4 mm resolution).

Postscan Questionnaires

Immediately after each cognitive task, patients completed a
computerized questionnaire containing the Karolinska Sleepi-
ness Scale (KSS) and a series of 10-point Likert scales asking
about motivation to perform well, ability to concentrate, amount
of effort required to perform the task, and perceived task diffi-
culty. After the scan, patients were taken to a quiet room and
asked to provide information on strategies and perceptions
regarding their performance (100-mm VAS rating subjective
sense of accuracy on each N-back condition from zero to 100%).

Sleep Data Processing

Actigraphy was scored using the bedtime and rise times
reported by the patients as the boundaries of the rest interval.
This was done rather than using the automatic scoring algorithm
because the automatic selection of a rest interval can miss long
sleep latency periods or times after the final awakening that
the individual remains in bed, both common issues in PI. By
matching the actigraphy rest interval to the diaries, we were
able to better examine sleep within the total time in bed reported
by the patients. Because of missing data, the sample size for
actigraphy included 21 PIs and 24 GSs. PSG data were scored
according to American Academy of Sleep Medicine procedures.

Functional MRI Data Processing

Individual functional MRI data were corrected for distor-
tions using field maps and motion corrected by coregistering
to a base image. Time series analyses applied a general linear
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model to the data containing parameters for the constant,
linear drift, three-motion parameters, and the reference func-
tions convolved with an idealized hemodynamic response
function to account for the time course of the BOLD signal.*!
Reference functions were vectors representing 1-, 2-, and
3-back blocks, respectively. 0-back blocks served as the
common baseline.

Analyses

Sleep, Self-Report, and Cognitive Data

Data from sleep diaries were averaged over the 7 days prior
to the first night in the sleep laboratory. Sleep diary data were
analyzed with a multivariate analysis of variance (MANOVA)
to examine group differences, as the diary variables were
expected to correlate with one another. Planned follow-up
for a significant omnibus (assessed with Wilks Lambda)
included individual univariate analyses for each variable.
Similar MANOVAs were conducted for self-report question-
naires, actigraphy, PSG sleep continuity data, and PSG sleep
architecture data. For the cognitive performance data, a group
x difficulty analysis of variance (ANOVA) was conducted to
parallel the functional MRI analyses (see next paragraphs). The
omnibus was evaluated with the Greenhouse-Geisser correction
for sphericity violations. Significant interactions were followed
up by testing the effect of difficulty within each group.

Functional MRI Data

Two sets of group analyses were conducted. First, a group X
difficulty ANOVA was conducted to test whether PIs showed
a different cerebral response to increasing difficulty relative
to GSs. For any region where the interaction term was signifi-
cant, the follow-up consisted of examining the difficulty effect
for each group. We also examined the main effect of group.
As a check on the internal validity of the N-back task, we also
examined the main effect of difficulty in each group separately
in an effort to ensure our modulation of task load produced
the expected modulation of brain activation® and that areas
showing a group X difficulty interaction generally overlapped
with those typically modulated by changing load in healthy
sleepers. Second, a group X performance multiple regression
examined whether PIs used a different set of brain regions,
relative to GSs, to obtain good performance. Based on pilot
data in PIs, we restricted the analysis to the most difficult (i.e.,
3-back) condition.*>* Significant interactions were followed by
examining performance effects in each group separately. For all
functional MRI analyses, we used a search region approach.’*3¢
This involves restricting the analysis to a set of brain regions
known to be related to the task of interest. In this case, we chose
the set of regions based on the meta-analysis of N-back tasks
from functional MRI studies conducted by Owen et al.>> and
supplemented those regions with areas identified in more recent
studies using the N-back in either sleep deprivation®*? or sleep
apnea samples.”®3 Specific areas included in the search region
included: bilateral inferior, middle, and superior frontal gyri,
medial frontal gyrus, the entire cingulate gyrus, bilateral and
medial superior parietal lobe, bilateral inferior parietal lobe,
bilateral cerebellum, and bilateral thalamus. We identified
clusters of activation as areas containing at least 11 contiguous
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voxels (704 mm?), each activated at the P = 0.05 level, resulting
in an overall whole-brain alpha level of 0.001.>” As a post hoc

analysis, postscan questionnaire data were correlated with
BOLD signal data from the significant clusters found in the
group x difficulty ANOVA using bivariate correlations. Due

Table 2—Sleep diaries (average of 1 week)

GS PI Cohen
Mean*SD Mean *SD P d

Total sleep time 4712+243 34851411 <0.001 -3.750
Sleep latency 148+64  442+266 <0.001 1.777
Number of awakenings 09+09 22+10 <0.001 1.376
Wake after sleep onset 941108 50.0£36.9 <0.001 1.705
Sleep efficiency 948+28 794+92 <0.001 -2.588
Caffeine, servings/day 056+£093 053+0.64 0.892 -0.039
Alcohol, servings/day 021+037 032+043 0336 0.276

P values are univariate analyses not corrected for multiple comparisons; bolded
data = significant; P < 0.05. Cohen d effects sizes are positive when Pl > GS
and negative when Pl < GS. GS, good sleeper; PI, primary insomnia; SD,
standard deviation.

to missing data related specifically to subjective perceptions
of performance, sample size for those analyses included 20
PIs and 24 GSs. We also examined the bivariate correlations
among the clusters from the group x difficulty ANOVA in a
post hoc analysis.

RESULTS
Sleep Data

Sleep Diaries

The omnibus MANOVA was significant [F(9,40) = 24.35,
P < 0.001, partial eta®> = 0.846]. In addition, all diary vari-
ables showed a significant difference between groups in
the expected direction. All diary measures were within the
clinical range for the PIs. This information is presented in
Table 2.

Table 3—Actigraphy (average of 1 week)

GS PI Cohen
Mean*SD Mean + SD P d
Time in bed, min 488.1+31.2 4418+533 0.001 -1.094
Total sleep time, min 4255+352 363.8+41.8 0.000 -1.602
Sleep latency, min 146+87 256+155 0.005 0.905
Wake after sleep onset, min -~ 344 +143 383+16.1 0.384 0.262
Sleep efficiency, % 86.8+0.1 82.1+0.04 0.002 -1.011

P values are univariate analyses not corrected for multiple comparisons; bolded
data = significant; P < 0.05. Cohen d effects sizes are positive when Pl > GS
and negative when Pl < GS. GS, good sleeper; PI, primary insomnia; SD,
standard deviation.

Actigraphy

The omnibus MANOVA was significant [F(5,39) = 6.59,
P < 0.001, partial eta® = 0.458]. In addition, all actigraphy
variables showed a significant difference between groups in
the expected direction, except wake after sleep onset (which
was nonsignificant) and time in bed (PI < GS). Generally,
actigraphically measured sleep was not as impaired in Pls
as diary-measured sleep, though all variables except sleep
latency were still in the clinical range for PIs. This informa-
tion is presented in Table 3.

Polysomnography
The omnibus MANOVA for sleep architecture vari-
ables was not significant [F(7,42) = 1.53, P = 0.183, partial

eta? = 0.203]. The omnibus MANOVA for sleep continuity

Table 4—Polysomnography (1 night)

GS PI Cohen
Mean£SD Mean *SD P d

Total sleep time, min 4229+30.5 390.8+53.7 0.013 -0.762
Sleep latency, min 18.1+206 18.2+11.4 0.987 0.005
REM latency, min 87.7+50.8 764+240 0.320 -0.302
Wake after sleep onset, min =~ 30.3+25.4 32.8+30.8 0.748 0.092
Sleep efficiency, % 89.8+6.4 88.6+7.9 0530 -0.18
Stage 1 min 241+116 205+73 0194 -0.382
Stage 2 min 236.0+41.6 207.8+43.6 0.024 -0.66
Stage 3 min 583+343 671+£369 0.385 0.248
REM min 104.6£205 954+33.0 0.243 -0.344
Stage 1% 58+29 53+21 0.537 -0.178
Stage 2% 559+9.3 532+95 0.321 -0.283
Stage 3% 136+£7.9 174+£10.3 0.158 0.409
REM% 247+44  241+68 0.712 -0.107

P values are univariate analyses not corrected for multiple comparisons; bolded
data = significant; P < 0.05. Cohen d effects sizes are positive when Pl > GS
and negative when Pl < GS. GS, good sleeper; PI, primary insomnia; REM,
rapid eye movement; SD, standard deviation.

variables was also not significant [F(5,44) = 1.77, P = 0.140,
partial eta?=0.167]. This information is presented in Table 4.

Self-Report Measures

The omnibus MANOVA was significant [F(10,39)=67.02,
P < 0.001, partial eta®> = 0.945]. All self-report measures
showed a significant difference between groups, except
the Beck Depression Inventory and the physical fatigue
subscale from the Multidimensional Fatigue Inventory
(MFTI). PIs reported insomnia severity in the moderate range
on the Insomnia Severity Index, clinically impaired sleep
on the Pittsburgh Sleep Quality Index, greater sleepiness
(although not above the clinical cutoff) than GSs, more
evening tendencies on the Horne-Ostberg Morningness
Eveningness Questionnaire (though both groups were in
the “neither morningness nor eveningness” category), and
greater fatigue on all MFI subscales other than physical.
This information is presented in Table 5.

Cognitive Task Data

The group x difficulty interaction for accuracy on N-back
was nonsignificant [F(2,96) = 0.389, P = 0.608, partial
eta? = 0.008] and there was also no main effect of Group
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[F(1,48) = 1.50, P=0.227, partial eta’> = 0.030]. Similar results
were found for response time interaction [F(2,96) = 1.19,
P = 0.309, partial eta> = 0.024] and main effect of group
[F(1,48) = 0.278, P = 0.600, partial eta? = 0.006]. 0-back was
not evaluated as part of the previously mentioned MANOVAs
in an effort to keep these analyses parallel with the imaging
analyses. When examining 0-back separately, there was no
group effect for either accuracy or response time. This informa-
tion is presented in Table 6.

Functional MRI Data

The main effect of modulating task difficulty for each group
is shown in Figure 1. The group x difficulty interaction produced
five significant clusters (Table 7, Figure 2). In two right middle
frontal gyrus clusters (MFG, BA46 and BA9), GSs showed
increasing activation with increasing task difficulty, suggesting
greater reliance on these working memory regions as the task
became harder. In contrast, for three midline regions (orbital
frontal gyus BA11, pregenual cingulate gyrus BA32, and poste-
rior cingulate BA23), GSs showed greater deactivation as the
task became harder. Unlike the GSs, PIs showed no modulation
of these regions with increasing task difficulty. Several brain
regions associated with the frontoparietal working memory
network, premotor areas, visual processing regions, and the
thalamus showed a significant main effect of group (Table 7,
Figure 3). In all of these, GSs showed greater activation than
PIs. For more than half of these regions, activation was not
significantly different from zero in Pls, suggesting areas typi-
cally engaged during task performance were not engaged by Pls.

The group x performance analysis revealed four brain
regions showing a significant interaction, one of which did
not have a significant relationship with performance in either
group on follow-up and will not be discussed further. The other
three regions (right inferior frontal gyrus (IFG) BA44/45, right
inferior parietal lobe (IPL) BA40, and right cerebellum) each
showed a positive relationship between cerebral activation
and 3-back performance in GSs and no significant relation-
ship with performance in Pls. Five clusters showed a

lower levels of motivation, concentration, and effort required
compared with GSs. There was no difference for subjective
task difficulty (Table 9). Self-reported concentration during
task performance correlated significantly with BOLD signal
in pregenual cingulate for 1-back (r = -0.469, P = 0.018) and
2-back (r=-0.438, P=0.028) for PIs, and for 1-back (r=-0.417,
P =0.038) in GSs. For PIs, self-report sleepiness during task
performance also correlated significantly with BOLD signal in
pregenual cingulate for 1-back (r = 0.552, P = 0.004), 2-back
(r=0.410, P = 0.042), and 3-back (r = 0.415, P = 0.039). For
GSs, self-report sleepiness did not correlate with any brain
region. The omnibus MANOVA for subjective perceptions of
performance was not significant [F(4,37) = 1.74, P = 0.162,
partial eta’> = 0.158]; information presented in Table 9. Self-
reported performance on 1-back correlated significantly with
activation during 1-back within each of the default mode

Figure 1—Brain regions showing a significant main effect of task difficulty
within each group. (A) Good sleepers. (B) Primary insomnia.

significant main effect of performance in this analysis,
with increasing activation associated with better perfor-
mance, regardless of group membership (Table 8).

Intercluster Correlations

Within the PIs, there were several significant posi-
tive correlations, and no negative correlations, between
the two task-related clusters and the three default mode
clusters from the group x difficulty analysis: (1) middle
frontal gyrus BA9 with orbital frontal gyrus for 1-back
(r=0.550, P=0.004); (2) middle frontal gyrus BA9 with
posterior cingulate for 2-back (r = 0.537, P = 0.000);
(3) middle frontal gyrus BA46 with posterior cingu-
late for 2-back (r = 0.410, P = 0.042); and (4) middle
frontal gyrus BA46 with posterior cingulate (r = 0.463,
P =0.020) for 3-back.

Postscan Questionnaires

The omnibus MANOVA for self-report measures
was significant [F(5,44) = 6.212, P < 0.001, partial
eta?=0.414]. PIs reported greater levels of sleepiness and

Table 5—Self-report measures

GS PI Cohen
Intake Measures Mean*SD Mean*SD P d

Insomnia Severity Index 11+16 168+3.0 <0.001 6.725
Pittsburgh Sleep Quality Index 1.7£14 114+22 <0.001 5.362
Epworth Sleepiness Scale 42+33 73143 0.006 0.821
Horne-Ostberg MEQ 56.0+7.7 486+85  0.002 -0.904
Beck Depression Inventory 19437 36+36  0.098 0477
MFI: general fatigue 6.0+20 122+22 <0.001 297
MFI: physical fatigue 64+20 80+36  0.065 0.557
MFI: reduced activity 64+27 84+32 0.021 0.675
MFI: reduced motivation 58+17 93+33 <0.001 1.394
MFI: mental fatigue 68+334 11.6+35 <0.001 1.394

P values are univariate analyses not corrected for multiple comparisons
data = significant P < 0.05. Cohen d effects sizes are positive when Pl > GS and
negative when Pl < GS. GS, good sleeper; MEQ, Morningness Eveningness
Questionnaire; MFI, Multidimensional Fatigue Inventory; PI, primary insomnia; SD,
standard deviation.

; bolded
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clusters in the group x difficulty analysis: orbital frontal gryus =~ DISCUSSION

(r =-0.490, P = 0.028), posterior cingulate 1-back (r = -0.501, This is the largest study to date examining cerebral activa-
P =0.024), pregenual cingulate 1-back (r =-0.538, P =0.014). tion with functional MRI during cognitive performance in PIs,
Self-reported performance on the 3-back also correlated with  relative to well-matched GSs, and the first to characterize func-
activation during 3-back in pregenual cingulate (r = -0.634, tional MRI differences in working memory in PI. We examined

P=0.003).

25 young to middle-aged PIs and 25 GSs, matched one-to-one
for age, sex, and level of education. Our overall

d’ 0-back
d’' 1-back
d’ 2-back
d’ 3-back
Response time 0-back, ms
Response time 1-back, ms
Response time 2-back, ms
Response time 3-back, ms

insomnia; SD, standard deviation.

Table 6—Cognitive performance measures

GS
Mean * SD

5010
44+13
4014
3216
517.3 £ 1155
583.8 £212.4
7742 £255.3
796.7 £210.3

aim was to compare the two groups on both
performance and cerebral activation during a
PI Cohen N-back working memory task with multiple
Mean£SD P d levels of difficulty (allowing evaluation of
4712 0292 0273 whether PIs responded differently to increasing
41+15 039 -0.214 cognitive loads). Furthermore, we analyzed the
36+£13 0221 -0.29 relationship between performance and cerebral
2613 0128 -0.414 responses to examine if the better-performing PIs
553.0£244.7 0514 0.198 used the same brain regions as better-performing
581.2+221.7 0.967 -0.012 GSs, or whether they would require recruitment
685.1+£294.7 0.259 -0.324 of additional or different brain regions to achieve
800.5+232.3 0.952 0.017 optimal performance. Our hypotheses were that

Response time weighted mean, ms ~ 661.338 + 142.202 6452 +206.2 0.749 -0.093 PIs would show intact performance relative to

GSs, and this would be associated with increased

P values are univariate analyses not corrected for multiple comparisons. Cohen d effects cer.ebrgl responses repre.senting compensatory
sizes are positive when Pl > GS and negative when Pl < GS. GS, good sleeper; PI, primary | activation. These behavioral hypotheses were

supported, as PIs showed equivalent perfor-
mance to GSs on all measures and all levels of

difficulty for the N-back. The functional MRI

Anatomical Location
Group x difficulty interaction
R Middle frontal gyrus
R Middle frontal gyrus
L Orbital frontal gyrus
L Pregenual cingulate
B Posterior cingulate

Group main effect
L Frontal pole
R Middle frontal gyrus
L Middle frontal gyrus
R Middle frontal gyrus
L Inferior frontal gyrus
R Inferior frontal gyrus
L Cingulate/medial frontal gyrus
R Premotor area
L Premotor area
L Suppl motor area
B Thalamus

L Inferior parietal lobe
R Inferior parietal lobe
R Superior parietal lobe
L Posterior cingulate

B Precuneus

L Cuneus

R Cerebellum

hemisphere; BA, Brodmann's Area.

Table 7—Significant brain regions in N-back group x difficulty analysis

Size

BA (mm®)
46 1,024
9 1,024
11 1,024
32 3,456
23 2,688
10 1,088
46 1,088
9 1,152
9 960
47 1,152
47 832
2416 5,824
6 1,984
6 1,536
6 896

L pulvinar 4,672
B DMN

40 2,752
40 1,280

7 2,048
29/30 2,176
7 8,320

31 896
768

All clusters survived the cluster thresholding method described in the text. Whole-brain
alpha = 0.001. Effect size = mean Cohen d within the cluster. B, bilateral (i.e., the cluster
crossed the midline); DMN, dorsal medial nucleus of the thalamus; L, left hemisphere; , right

hypotheses, however, were not supported.
Indeed, all of the brain regions showing a
Centroid Effect significant main effect of group during N-back
coordinates size e S
performance showed diminished activation in
PIs, compared with GSs (Table 7, Figure 3).

45.3R, 39.4A,20.9S  0.423 S . . .

47.2R, 28.6A, 3445 0430 These regions included widespread areas within
21L,38.9A, 16,61  0.429 the frontoparietal working memory network,
43L,33.2A,174S  0.386 motor and visual processing regions, thalamus
3.7R,52.8P, 23.85  0.461 (nuclei with connections to cortical working

memory regions), and cerebellum. These are the
23.8L, 64.5A, 555  0.763 brain regions most commonly reported in studies
449R, 42.1A, 184S 0.852 of verbal N-back tasks.” Examining each group
36.4L, 30.5A, 31.6S  0.706 separately, GSs showed significantly positive
46.4L, 31.1A,30.58  0.782 activation within all but two areas showing a
42.8L,232A,831 0839 group main effect. In contrast, PIs only showed
42.1R, 21.1A, 561 0.853 significantly positive activation in four of these
1.2,3.1A,47.85  0.838 areas (bilateral premotor cortex, bilateral MFG
27.6R, 1.5P,57.58  0.915 . ..
BA9). The other areas either showed no signifi-
27.0L, 1.6P,58.2S  1.042 .. ..
211L 15.0A 5485 0823 cant activation (10 of 18 areas) or a significant
3.7L’ 21.OPY 728 0911 negative activation (4 of 18 areas). Thus, it
appears Pls did not engage many regions of the
53.4L,33.4P, 29.0S 0.768 brain typically used during performance of this
64.7R, 33.0P, 28.7S  0.806 working memory task, and did not activate any

30R, 47.8P, 54.7S  0.919 other areas to compensate for not activating the
25L,554P, 855  0.792 typical network.

29L,58.9P, 51.8S 1.128

16.7L, 71.7P, 30.8S  0.794
14.2R, 80.5P, 19.7 0.663

In addition to not activating regions typically
activated during performance of the N-back
task, PIs did not show the modulation of acti-
vation with increasing task difficulty one would
expect and that GSs showed here (Figures 1 and
2). Specifically, GSs showed increased cerebral
responses in right dorsolateral prefrontal cortex
(BA46 and BA9) and classic N-back working
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Figure 2—Brain regions showing significant group x difficulty interaction for N-back. (A) Functional magnetic resonance images of five clusters showing a
significant interaction; 1. L OFG BA11; 2. Pregenual cingulate gyrus BA32; 3. B Posterior cingulate cortex BA23; 4. R MFG BA46; 5. R MFG BA9. (B and
C) Parameter estimates for clusters. (B) Regions with significantly greater deactivation in GSs as the task became harder with no significant task-related
modulation in Pls. (C) Regions with significantly increasing activation in GSs as the task became harder with no significant task-related modulation in Pls.
GS, good sleeper; P, primary insomnia. Error bars indicate standard deviation.

Pl

memory areas, as the task became more difficult. In contrast,
PIs did not show a modulation with task difficulty in these
clusters. Similarly, GSs showed greater deactivation in the
pregenual cingulate cortex, ventromedial prefrontal cortex, and
posterior cingulate as the task became increasingly difficult. In
contrast, PIs again failed to show this modulation of activation
with task difficulty. Importantly, each of these interaction clus-
ters overlapped entirely with regions showing a main effect of
difficulty in GS (Figure 1). Thus, these interactions occurred in
brain regions normally modulated by task difficulty.
Ofparticular interest are the three clusters showing greater deac-
tivation in GS with increasing task difficulty. These brain regions
are among those often reported as part of the default mode.* The
default mode is a set of brain regions thought to be generally acti-
vated when the brain is not otherwise engaged in task-focused
behaviors. As attention is diverted to task- or goal-directed behav-
iors, disengagement from default mode regions is necessary for
optimal goal-directed performance. As would be expected, GSs
showed greater disengagement (reflected in greater levels of
negative activation) of these regions as the N-back task became
harder and greater attention and working memory resources were
required. PIs, however, demonstrated an impoverished ability to
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modulate this network, showing persistent (rather than reduced)
activity throughout these default mode regions during task perfor-
mance. Impaired modulation of default mode network may be
caused by either abnormal disengagement of the network during
the baseline condition of the task or by abnormal engagement of
the network during the active conditions.

An example of the first explanation for impaired default
mode modulation in P may be found in our recent study (Czisch
et al.*) comparing a group of “sleep-deprived but alert” patients
with those same patients after a normal night of sleep, during
performance of an auditory oddball task. The sleep-deprived
but alert patients also showed impaired modulation of default
mode regions, including areas overlapping those reported here,
with intact performance. Data suggested the findings reflected
increased effort needed to focus on the task during the base-
line condition. This need for increased cognitive resources after
sleep deprivation therefore produced a tonic disengagement of
the default mode network. That, in turn, affected the relative
BOLD signal in such a way as to reduce the normal differences
in default mode activation between baseline and active condi-
tions.*® If PIs also required greater sustained cognitive resources
to perform the baseline condition of the N-back task, it would

Neural Correlates of Working Memory in Insomnia—Drummond et al



also lead to tonic disengagement of default mode regions during
baseline and thus less room to exhibit even greater disengage-
ment as the task got harder. That would explain the lack of
modulation by task difficulty of default mode network regions
for the PIs (Figure 1B). Czisch et al.** further reported compen-
satory increases in activation in task-related regions associated
with intact performance in their patients Here, activation was
positively correlated between default mode and task-related
regions in PlIs, however, unlike in Czisch et al., this tradeoff
was not associated with better performance in PIs and none of
these regions showing a group x difficulty effect overlapped

Cohend
1.5

0.0

Figure 3—Brain regions showing significant main effect of group for
N-back. 1. L IFG BA47; 2. R IFG BA47; 3. L Frontal Pole; 4. B Thalamus;
5. R MFG BA46; 6. L IPL BA40; 7. LMFG BA9; 8. R MFG BA9;
9. R IPL BA40. All regions showed greater activation in response to
N-back demands in good sleepers, relative to primary insomnia.

with regions showing a group x performance interaction or
main-effect performance. This observation is consistent with
the idea that less relative disengagement of default mode
during active conditions (perhaps due to tonic disengagement
during baseline) is associated with greater task-related activa-
tion (perhaps representing compensatory activation in those
subjects), although the post hoc nature of the analysis makes
such a conclusion speculative at this point.

Rather than abnormally high levels of default mode disen-
gagement during the baseline, an alternative hypothesis may
be a lack of disengagement during the harder conditions. We
have previously reported, in the context of a sustained attention
task placing a premium on speed, acute total sleep deprivation
reduces the ability to disengage default mode areas during task
performance,* again effectively reducing the normal differ-
ences in default mode activation between baseline and active
conditions. This hypothesis, as opposed to the earlier one, is
supported by the finding showing decreased ability to concen-
trate and increased sleepiness during the task correlated with
greater activation of default mode regions. These subjective
responses to default mode intrusions during task performance
may, in turn, manifest as the subjective cognitive complaints
so common in PI. Indeed, subjectively worse performance
also correlated with activation of default mode regions, further
supporting this hypothesis.

Finally, we must entertain a more purely physiological expla-
nation for the PI-GS activation differences. In particular, if there
are group differences in resting cerebral blood flow (CBF),
they could influence the BOLD signal.*'** Although no studies
have examined resting CBF in PIs, Nofzinger et al.** reported
increased glucose metabolism in waking Pls, Huang et al.”!
reported resting state functional connectivity data consistent
with cerebral hyperarousal in PI, and van der Werf et al.
reported increased cortical excitability in PI measured with
transcranial magnetic stimulation. If such preliminary findings
of hyperarousal extend to CBF in PI, and if CBF was increased
throughout much or all of the brain in PI, one could potentially
find a reduced magnitude in the relative BOLD signal (i.e., both

decreased activation of task-related areas and

Table 8—Significant brain regions in N-back group x performance analysis

Anatomical Location BA
Group x performance interaction

(mm’)

Size Centroid
coordinates

All clusters survived the cluster thresholding method described in the text. Whole-brain
alpha = 0.001. Effect size = mean eta-squared within the cluster for group x performance
interaction and mean Cohen d within the cluster for performance main effect. B, bilateral (i.e.,
the cluster crossed the midline); L, left hemisphere; R, right hemisphere; BA, Brodmann's Area.

decreased deactivation of default mode network)

without necessarily affecting performance.
Future studies would benefit from a direct

Effect N .

size examination of resting-state CBF and/or oxygen

metabolism in PI in direct relation to BOLD

R Inferior frontal gyrus 44/45 704  50.2R,5.7A,26.6S 0.132 signal responses during task performance.

R Inferior parietal lobe 40 1,088 28.9R, 10.1P, 20.7S  0.097

R Inferior parietal lobe 40 704 30.0L, 14.8P,19.9S 0.117 Limitations and Future Directions

R Cerebellum nodule 960 64.2R, 27.4P, 30.0S 0.176 In summary, a few limitations of this study
Performance main effect should be noted. First, we studied only PI. Given

B Frontal pole 10 10,688  7.3L,59.3A,541  1.015 the prevalence of insomnia in psychiatric disor-

L Middle frontal gyrus 9 2,880 40.9L,14.7A,33.4S 0.942 ders, it would be potentially useful to examine

L Posterior parietal cortex 39 1,152 299L,74.2P,347S 0.874 how much variance is accounted for in future

R Cerebellum tuber/declive 2,496  43.8R, 65.9P, 229.1 0.912 : : e P )

L Cerebellum dedive 2304 155L.603P 2421 0o | Dcuroimaging studies in psychiatric popula

tions by the psychiatric condition, relative to by
insomnia. For example, Neylan et al.” reported
insomnia severity contributed more unique vari-
ance to hippocampal volume measurements
in veterans with posttraumatic stress disorder
than did Clinician Administered PTSD Scale
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(CAPS) scores. However, it is unclear if that
would be the case for any functional neuro-
imaging measure or even another structural
imaging measure. Second, we did not recruit
for specific insomnia subtypes, and thus
it is unclear if our findings relate to early,
middle, and/or late insomnia. Most patients
reported both early and middle insomnia,
making it impossible to explore this question.
Although this finding may actually increase
external validity of the study, future research
may wish to more specifically examine
insomnia subtypes. Third, our patients were,
on average, in the moderate severity range
according to the ISI. Only three patients
scored in the severe insomnia range. Thus, it
is not clear if these results would generalize
to those with more severe forms of insomnia.

Table 9—Postscan questionnaires

Scan Session Questionnaires
Sleepiness (1-10)
Concentration (1-10)

Task difficulty (1-10)

Motivation (1-10)
Effort required (1-10)

Subjective performance 0-back
Subjective performance 1-back
Subjective performance 2-back
Subjective performance 3-back

Control PI Cohen
Mean * SD Mean * SD P d
32+23 6.3+19 <0.001 1.424
82+18 6.2+26 0.002 -0.938
56+25 52+22 0.557 -0.168
89+13 71125 0.003 -0.921
89+16 74124 0.015 -0.73
(0-100) 989+24 95.3+6.9 0.042 -0.772
(0-100) 87.7+18.6 896+129 0710 0.118
(0-100) 794+233 771+186 0726 -0.11
(0-100) 54.0 £ 25.1 55.3+30.2 0877 0.047
P values are univariate analyses not corrected for multiple comparisons; bolded data = significant;
P < 0.05. Cohen d effects sizes are positive when Pl > GS and negative when Pl < GS. GS, good

sleeper; PI, primary insomnia; SD, standard deviation.

CONCLUSIONS

This study suggests PIs have a reduced ability to engage some
task-appropriate brain regions and reduced ability to modulate
task-irrelevant (i.e., default mode) brain regions during working
memory performance. If either of our potential explanations for
this is correct (PIs require greater attention and/or effort during
baseline or PIs are unable to disengage from default mode
during active conditions), these phenomena may be experienced
by PlIs as increased cognitive difficulties. Our post hoc analyses
support this hypothesis. Moreover, both of these explanations
suggest a dysfunction in the attention system in PI that has not
been previously identified. Future studies should more directly
address hypotheses arising from these data.
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