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Dear editor:
Sleep disturbance is endorsed by over two-thirds of patients
diagnosed with generalized anxiety disorder (GAD; [1]). Neuromodulation has the potential to improve sleep in patients with GAD
either directly (by altering neurocircuitry) or indirectly (by
improving anxiety symptoms). A recent randomized-controlled
trial (RCT) reported that low-frequency repetitive transcranial magnetic stimulation (rTMS) of the parietal cortex improved sleep in
patients diagnosed with GAD and comorbid insomnia [2]. However,
no neuroimaging data were reported. Sleep disturbance is associated with altered functional connectivity (FC) of the default mode
network (DMN; [3]) e a circuit of brain regions which systematically demonstrates synchronous increased activation during passive resting state and can be reliably measured by resting-state
functional magnetic resonance imaging (rsfMRI). Altered DMN-FC
is also implicated in excessive worry [4] e a core feature of GAD.
Here we report a secondary analysis on sleep outcomes from a
RCT comparing active versus sham low-frequency rTMS of the right
dorsolateral prefrontal cortex (rDLPFC) for GAD [5] and identify
neural correlates. We hypothesized that patients receiving active
versus sham would report more post-rTMS sleep improvements,
and improvements would be associated with posttreatment
changes in DMN-FC during rsfMRI.
Study procedures were approved by the Hartford Hospital Institutional Review Board and all patients gave written informed consent. The study was listed on clinicaltrials.gov (Registration
Number: NCT01659736). Detailed information regarding recruitment and participant ﬂow were presented elsewhere [5]. Brieﬂy,
we randomized adult patients with GAD to either active (n ¼ 13;
age M ¼ 44.00, SD ¼ 11.95; 85% Women; 92% White) or sham
(n ¼ 12; age M ¼ 44.58, SD ¼ 14.75; 67% Women; 100% White).
Groups were matched on age [t (23) ¼ 0.11, p ¼ .91], gender [c2 (1,
N ¼ 25) ¼ 1.10, p ¼ .29], and race [c2 (1, N ¼ 25) ¼ 1.10, p ¼ .31].
Treatment entailed 30 sessions (5 days/week) rDLPFC-targeted
low-frequency (1 Hz, 90% resting motor threshold, 900 pulses/
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session) rTMS using the FDA-Cleared NeuroStar TMS Therapy System. Sham was administered using a sham coil (Neuronetics
XPLOR). Neuronavigation was used to locate rDLPFC according to
the Montreal Neurological Institute (MNI) coordinates (x ¼ 42,
y ¼ 36, z ¼ 32) based upon previous research [6].
Sleep disruption was assessed at pre, post, and 3-month followup using the Insomnia Severity Index (ISI, [7]). ISI scores were
analyzed using the intent-to-treat sample with a linear mixed effects model with treatment (active vs. sham) as a betweensubject factor, time (pretreatment, posttreatment, follow-up) as a
within-subject factor and the interaction between treatment and
time. Least square means (LSM) and standard errors (SE) were
plotted (See Fig. 1 Panel A) and post-hoc tests were performed to
explain signiﬁcant effects. As predicted, there was a signiﬁcant
group by time interaction [F (2, 33.3) ¼ 3.81, p ¼ .03], with only
the active group demonstrating statistically signiﬁcant improvement over time [F (2, 33.8) ¼ 11.27, p ¼ .0002]. In active, ISI scores
were clinically elevated at pretreatment, subthreshold at posttreatment, and nonclinical at 3-month follow-up. Sham ISI scores were
subthreshold at all timepoints. Group ISI scores differed signiﬁcantly only at baseline [F (1, 35.3) ¼ 5.36, p ¼ .03].
rsFMRI was collected for 5.25 minutes at pre and posttreatment.
Blood oxygenation level dependent (BOLD) signal was obtained
with T2*-weighted echo planar imaging (EPI) sequence (TR/
TE ¼ 1500/27 msec, 29 contiguous slices, 3.4  3.4  5 mm3 voxels,
210 timepoints; ﬁrst 6 excluded from analysis). The ﬁnal imaging
sample was 16 (active n ¼ 9; sham n ¼ 7) due to attrition from
the clinical trial (n ¼ 6), patient refusal to complete posttreatment
MRI (n ¼ 2), or exclusion of MRI data due to incidental ﬁndings
without clinical manifestations (n ¼ 1). Data were preprocessed using SPM5 (Statistical Parametric Mapping, Welcome Department of
Cognitive Neurology, London), using realignment, slice timing
correction spatial normalization to MNI space, and smoothing
with 9 mm3 Gaussian kernel.
Independent components analysis (ICA) was used to identify
temporally distinct resting-state components. Group spatial ICA
was conducted using the Infomax algorithm [8] within the GIFT
software (http://icatb.sourceforge.net/, version2.0a). Seventy-ﬁve
components were modeled and DMN components of interest
were identiﬁed based on the Stanford functional ROI atlas (http://
ﬁndlab.stanford.edu/functional_ROIs.html), resulting in seven
components (See Fig. 1 Panel B). Functional network connectivity
(FNC) toolbox version 2.3a (http://mialab.mrn.org/software/fnc/)
was used to estimate correlations between these components.
We computed within-DMN FC strength by calculating the sum of
correlation values (Fisher Z value) of all 21 component-pairs within
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Fig. 1. Panel A. Insomnia Severity Index least square means and standard errors for pretreatment, posttreatment, and 3-month follow-up by group. Panel B. Maps of the seven ICA
components (C) identiﬁed as part of the default mode network during the resting state fMRI scan. Frontal lobe midline clusters including medial prefrontal cortex and anterior
cingulate cortex ¼ components 31, 73 and 9, posterior cingulate cortex/precuneus clusters ¼ components 22, 32 and 44, and bilateral inferior parietal lobe ¼ component 75.

the DMN. This was calculated for each participant at each timepoint
(pre- and post-treatment).
In patients receiving active rTMS, pre-to-post percentage
improvement (i.e., decrease) in ISI correlated signiﬁcantly with
decreased within-DMN FC [r ¼ 0.73, p ¼ .025]. This association
remained statistically signiﬁcant when controlling for changes in
anxiety (Hamilton Anxiety Rating Scale), worry (Penn State Worry
Questionnaire), and depression (Hamilton Rating Scale for Depression) [partial r ¼ 0.90, p ¼ .014]. In the sham group the association
between DMN-FC and ISI percent change was moderately positive
(r ¼ 0.55), but not statistically signiﬁcant (p ¼ .196), and became
moderately negative (r ¼ - 0.41, p ¼ .416) after excluding one
outlier. Partial correlations were not performed for the sham group
due to the analysis having only one degree of freedom.
Results suggest that rTMS may improve sleep in patients with
GAD and these improvements correlate with changes in DMN-FC.
However, sample sizes were small and replication with larger samples is needed. In addition, sleep problems were assessed using
self-report and groups were not equated on the ISI at pretreatment. Nevertheless, only the active group demonstrated clinically meaningful improvement that was associated with decreased
within DMN-FC, and this pattern argues in favor of a treatment effect. These results are in contrast to previous research in depression
where no rTMS effect on sleep was found (e.g., [9]). This could be
explained by differences in sleep psychopathology and/or neurobiology by diagnosis [10] or differences in study-speciﬁc rTMS parameters. Future GAD research is needed to identify optimal rTMS
parameters and determine causal pathways among changes in
DMN-FC, worry, and sleep following rTMS.
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