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Abstract

Objectives—Generalized Anxiety Disorder is one of the most prevalent anxiety disorders, but its
neural basis is relatively understudied. This study aims to characterize the functional connectivity
in the Default Mode Network (DMN) in Generalized Anxiety Disorder (GAD) across the lifespan.

Design and settings—~Functional and structural MRI data were collected with subjects at rest.
We analyzed the resting state functional connectivity patterns in the DMN for twenty-seven GAD
participants and thirty-nine non-anxious comparison participants. Using a two-way ANOVA, we
explored the interaction between age and GAD status on functional connectivity. In GAD
participants we analyzed the correlation of functional connectivity indices with the duration of
illness and worry severity.

Results—The age-by-anxiety interaction showed a greater anxiety effect on the functional
connectivity between the posterior cingulate seed and the medial prefrontal cortex for the older
group relative to the younger participants. Longer duration of illness was positively correlated
with greater functional connectivity between the posterior cingulate cortex and the insula. Worry
severity was inversely correlated with the functional connectivity between the PCC seed and the
medial prefrontal cortex.

Conclusion—The presence of GAD, longer duration of illness and more severe worry
exacerbate the effects of age on the functional connectivity in the Default Mode Network. These
results support the need for tailored research and interventions in late-life anxiety.
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INTRODUCTION

While anxiety is a universal human experience, over the last decades evidence has
accumulated regarding the negative impact of pathological anxiety on mind, body, and
quality of life (1). It is not very clear though how the cumulative burden of pathological
anxiety affects the brain over the lifespan. In this study we analyze the age-related
differences in the neural basis of pathological anxiety and we explore the impact of the
duration of illness on the connectivity in the Default Mode Network (DMN).

Different types of anxiety disorders may differ substantially in their neuroanatomical bases
(2). Disorders such as simple/social phobia, post-traumatic stress disorder and panic disorder
have received a rather extensive neuroanatomical description (3). Generalized anxiety
disorder (GAD), defined by excessive and uncontrollable worry, has a less well-defined
neural basis. In teenagers and young adults, GAD has been associated with altered anterior
cingulate cortex (ACC) activity, including failure to engage the ACC in emation regulation
(4), increased activation in the medial prefrontal (mPFC) and ACC during mood-induction
(5), and increased rostral ACC activation associated with better treatment response (6).
Limbic changes have also been associated with the neural circuitry of GAD: exaggerated
amygdala reactivity has been described following warning cues preceding aversive/neutral
pictures (7), and GAD has been associated with disrupted connectivity patterns of the
amygdala subregions (8).

The neural network abnormalities described in younger adults might not be entirely
translatable into the elderly, given the anatomical and pathophysiological changes observed
in the aging brain (9). The few studies that have addressed the neural basis of late-life GAD
have described structural changes in the orbital frontal cortex (OFC) (10) and task-related
functional changes in the rostral anterior cingulate (ACC) (11).

Of note, while some anxiety disorders, e.g. panic disorder, diminish in severity with aging,
GAD persists and new cases develop with aging (12). Thus, GAD is the most prevalent
anxiety disorder in the elderly (13). Compared with mid-life GAD, late-life GAD is
characterized by a more mediocre treatment response to both pharmacotherapy (14) and
cognitive-behavioral therapy (CBT) (15, 16). This difference has been attributed to age-
induced neurobiological changes (17), but so far no study has explored head-to-head the
neuroanatomical differences in old versus young GAD.

The DMN is an organized functional network of several brain regions: posterior cingulate
cortex (PCC), medial prefrontal cortex (mPFC), inferior parietal lobule (IPL) and medial
temporal regions (MTL) (18). This network shows a high level of functional connectivity at
rest and its activity consistently decreases during performance of active tasks such as goal
directed cognition and task engagement (18). The DMN is involved in the integration of
autobiographical memories and in self-monitoring, in the retrieval and manipulation of past
events in an effort to solve problems and develop future plans, and in emotion regulation
(19). The connectivity between the PCC and the vmPFC has been associated with self-
reflection during resting state (20).
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To date, the few studies that have explored the DMN functional connectivity in midlife
anxiety (21, 22) or in late-life anxious depression (23) have consistently reported decreased
functional connectivity between the PCC and the medial prefrontal cortex. To our
knowledge, none of these studies focused on Generalized Anxiety Disorder. Most young
adult GAD studies have focused on task-related functional connectivity. The few studies
exploring the resting state connectivity reported disruptions in amygdala-based resting state
functional connectivity (24) and in the hippocampus-based functional connectivity (25).

While several other functional networks have been recently described (26) such as the
salience network and the executive control network, we chose to focus in this study on the
DMN given 1) its reliable description in the literature and 2) the lack of data regarding the
behavior of DMN in Generalized Anxiety. Thus, in order to address this gap in the literature,
we analyzed the PCC functional connectivity maps in the DMN in midlife and late-life
GAD. Furthermore, we compared these connectivity maps with the ones obtained in non-
anxious participants. We hypothesized that 1) the PCC functional connectivity in the DMN
will differ in young vs. old anxious participants; 2) compared with non-anxious participants,
anxious participants will have decreased functional connectivity between the PCC and the
medial prefrontal cortex.

The data were collected from two studies conducted at the University of Pittsburgh:
“Structural and functional neuroanatomy of late-life GAD” (age 60 and over) and “A pilot
fMRI study of emotion modulation in midlife anxiety” (age 25 — 49). Subjects were
recruited from direct advertisement through fliers, local radio and bus ads, as well as from
two research registries affiliated with the University of Pittsburgh: The Advanced Center for
Intervention and Services Research in Late-Life Mood Disorders (ACISR) registry and the
Clinical and Translational Science Institute (CTSI) registry.

Anxious participants had a principal diagnosis of GAD for at least six months according to
the Structured Clinical Interview for DSM-1V (SCID)(27) and a score of 17 or higher on the
Hamilton Anxiety Rating Scale (HARS)(28) at the time of scanning. Patients with other
anxiety disorders were included if GAD was the principal diagnosis (based on severity and
duration, e.g. longer duration of GAD and greater subjective distress). Patients with a past
history of alcohol or substance abuse that was in full remission for at least 3 months were
also included. Lifetime comorbid unipolar depression was allowed if GAD was the primary
diagnosis (based on duration), but subjects with current major depressive disorder at the
time of scanning were excluded. Four GAD subjects had panic disorder, one subject had
social phobia and five GAD subjects had a history of unipolar depression (in remission).

Other exclusion criteria were lifetime psychosis or bipolar disorder, a diagnosis of dementia,
a Mini Mental State Examination score less than 24, suicide risk, ongoing psychotherapy,
and current antidepressant or anxiolytic use. All subjects were psychotropic-free at the time
of scanning and they underwent a wash out period of two weeks if previously on an
antidepressant (six weeks if on fluoxetine).
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Participants were allowed to receive non-psychotropic medications. Comparison participants
had no history of psychiatric disorders except for history of adjustment disorder. Both
studies were approved by the University of Pittsburgh Institutional Review Board.

Additional clinical measures

Besides the HARS and MMSE, participants were further assessed using the self-report Penn
State Worry Questionnaire (29) and the GAD Severity Scale (GADSS) (30). The total
duration of illness was determined based on participants’ self report.

Data Acquisition

Data acquisition was identical in both studies. Resting state MRI data were acquired during
a five minute interval while participants looked at a fixation point on the screen. Participants
were instructed to think of nothing in particular during this interval. Resting state data were
collected prior to other task-related fMRI data.

Imaging data were collected with a 3Tesla Siemens Trio TIM scanner located in the MR
Center at the University of Pittsburgh. T2*-weighted BOLD images were acquired using a
gradient-echo echoplanar imaging (EPI) sequence in axial orientation (parallel to AC-PC):
TR/TE = 2000/34 ms, Matrix size = 128x128x28, Voxel size = 2x2x3 mm (no gap), flip
angle = 900. A total of 150 temporal images were acquired for each subject

The most inferior slice was located below the most inferior aspect of the temporal lobes.
High-resolution anatomical images (T1 weighted magnetization-prepared rapid gradient
echo MPRAGE) were collected over 4 min 43sec using the following parameters: FOV =
256x254 mm, voxel size 1x1x1 mm; Tl = 900 ms, TR/TE = 2/3.43 ms, flip angle = 90.

Image Preprocessing

Functional imaging data were processed and analyzed with Statistical Parametric Mapping 8
(SPMB8; Welcome Trust Center for Neuroimaging, London, UK. http://
www.fil.ion.ucl.ac.uk/spm/software/spm8) implemented in Matlab (Mathworks, Natick,
MA). The temporal functional images for each subject were realigned to the first image
using rigid-body transformation. The structural grey matter images were segmented from the
MPRAGE image and used to normalize the functional images to the standard Montreal
Neurologic Institute (MNI) space. This was done by first registering the grey matter image
to the mean realigned functional images using a linear affine transformation; the grey matter
image was then normalized to the SPM MNI grey matter template using a non-linear affine
transformation. Finally, the same transformation was applied to all the functional images.
Normalized functional images were then smoothed using a 10 mm Gaussian smoothing
kernel to account for the greater morphologic variability in the elderly sample (31).

Functional Connectivity Analysis

The Robust Weighted Least Square (WLS) toolbox (verison 3.1, SPM8) was used to detect
and adjust for artifacts in the fMRI time series data. This method uses the residual variance
to weight the images, resulting in an optimal model estimation of noisy data due to motion
artifacts (32) (http://www.icn.ucl.ac.uk/motorcontrol/imaging/robustWLS.html).
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The posterior cingulate cortex (PCC) was used as the seed region to examine the
connectivity within the DMN (18). The left and right posterior cingulate from the
Automated Anatomical Labeling atlas (33) (1x1x1 mm) in Colin27 space was down
sampled to a voxel resolution of 3.75 x 3.75 x 3.75 mm (left and right PCC combined, 200
voxels). A smaller region-of-interest (ROI) of 39 voxels, centered on the posterior cingulate,
was created as seed region performing erosions (2 iterations, 6 connected, 2.5-dimensional)
with a 3x3x3 mm voxel structuring element.

For each subject, a reference resting-state time-series was extracted by averaging the time-
series for all voxels (resulted from the Robust WLS) within the posterior cingulate seed
using the Marsbar plug-in in SPM (34). The resulted time-series were used as regressor in
the general linear model of the first-level analysis in SPM8, to generate a connectivity map
for each participant. Additionally, to further control for physiological and movement-related
variance, we included in the model, as nuisance covariates, the adjusted CSF time-series
extracted from a sphere centered in the fourth ventricle (radius = 2 mm, center MNI x/y/z=
0/-43/-26) and the motion correction parameters. Individual PCC connectivity maps were
estimated and submitted for level 2 group analysis.

Voxelwise Factorial analysis

Second level analyses were performed using SPM8. The first-level PCC functional
connectivity maps were modeled in a 2x2 factorial design where we have explored the
effects of the following factors: age (young vs. old), anxiety (GAD vs. non-anxious), and the
age X anxiety interaction. The interaction was modeled to test the effect of anxiety on the
difference between the two age groups [e.g. younger anxious - younger controls versus older
anxious - older controls: YA-YC>0A-OC].

Voxelwise Regression analysis

The first-level functional connectivity maps for the GAD participants were included in four
separate regression analyses using as covariates 1) the total duration of illness, 2) the HARS
scores, 3) the PSWQ scores, 4) the GADSS scores. We chose to perform separate regression
analysis on the HARS scores and the PSWQ scores as the two questionnaires address
different aspects of pathological anxiety: HARS elicits mainly global indices of anxiety,
including somatic symptoms, while PSWQ was designed to elicit specifically symptoms of
pathologic worry. Additionally, we included the GADSS scores to explore the correlation
with illness severity.

For both, ANOVA and regression analysis, we corrected for multiple comparisons by using
the methods implemented in SPM 8 (false discovery rate FDR and family-wise error FWE).
A corrected p< 0.05 was deemed significant. An anatomic defined prefrontal mask including
the ROIs of interest from the DMN (ventral and dorsal medial prefrontal cortex) was used
for small volume correction for the age-by-anxiety interaction analysis.
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A total of 53 participants were included in this study. Descriptive statistics are presented in
Table 1. As a rule, when referring to “functional connectivity” in this section, we imply the
functional connectivity between the PCC seed and the various clusters described below.

Voxelwise Factorial Analysis

Young vs. older (see Fig 1). Young participants had significantly greater functional
connectivity in multiple prefrontal medial prefrontal regions: BA 8 left (t=5.48, df=51,
p<0.05 whole-brain FDR corrected, x/y/z = —22/35/43), BA 8 right (t=4.20, df=51, p<0.05
whole-brain FDR corrected, x/y/z = 24/40/43), BA 9 (t=4.2, df=51, p <0.05 whole-brain
FDR corrected, x/y/z=21/47/42), BA 10 (t=4.59, df=51, p<0.05 whole-brain FDR corrected,
xlylz = 5/60/24). Older participants had significantly greater functional connectivity in
temporo-parietal regions, including the right insula (BA 44 t=4.48, df=51, p<0.05 whole-
brain FDR corrected, x/y/z =43/1.05/7; BA 13, t= 5.18, df=51, p<0.05 whole-brain FDR
corrected, x/y/z=43/-37/19), left insula (BA 44, t=3.68, df=51, p<0.05 whole-brain FDR
corrected, x/y/z= -44,3,8), right middle temporal gyrus (BA 22, t= 4.48, df= 51, p<0.05
whole-brain FDR corrected, x/y/z =39/-58/20), left middle temporal gyrus (BA 39, t=4.51,
df =51, p<0.05, whole-brain FDR corrected, x/y/z = —44, —58,8).

Anxious vs. non-anxious: Non-anxious participants had greater functional connectivity in
the ventro-lateral PFC (t=3.18, df = 51, p=0.001 uncorected, x/y/z=—-35,54,1). The anxiety
vs. comparison analysis results did not survive multiple comparison correction.

The age by anxiety interaction was set up as described in the Methods section: younger
anxious - younger controls versus older anxious - older controls [YA-YC vs. OA-OC]. The
interaction showed significantly greater functional connectivity in the ventromedial
prefrontal cortex (bilateral) for the younger group (YA-YC) relative to the older participants
(OA-OC) (t=3.60, df= 51, p<0.05 FWE-ROI, x/y/z= +/-4, 52,34) (see Fig 2).

Voxelwise Regression Analysis

The duration of illness regression analysis showed a significant positive correlation between
increased duration of illness and functional connectivity in the bilateral insula (t=6.11/4.79,
df = 21, p<0.05 whole brain FWE, x/y/z=-33/20, 6/43, —8,20) (see Fig 3).

The HARS regression analysis showed an association between higher HARS scores and
functional connectivity in the pregenual cingulate cortex (t=3.6, df = 21, p=0.001 uncorr,
cluster size=32, x/y/z=2/34/14), but these results did not survive the multiple comparison
correction.

The PSWQ regression analysis showed a significant negative correlation between PSWQ
scores and functional connectivity in the mPFC (t=4.45, df= 21, p<0.05 whole brain FDR,
xlylz=3/51/4.) (see Fig 4).
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The GADSS regression analysis showed an association between higher GADSS scores and
functional connectivity in the frontal lobe (subgyral, x/y/z=—26/27/26); it did not survive
multiple comparison correction.

DISCUSSION

To our knowledge, this is the first attempt to compare head-to-head the neural changes in the
DMN functional connectivity in Generalized Anxiety Disorder across the lifespan. Our
results show a significantly different pattern of connectivity in young versus older GAD
participants. Also, we report a significant age x anxiety interaction in the frontal branch of
the DMN. Moreover, duration of illness and worry severity (as measured by PSWQ) have a
significant effect on the connectivity patterns in the DMN in GAD.

Other investigators have advocated for a different biological basis for the observed clinical
differences between young and older subjects diagnosed with the same mental disorder,
arguing that the neural network abnormalities described in younger adults might not be
entirely translatable into the elderly, given the various anatomical and pathophysiological
changes observed in the aging brain (9). While previous studies have reported a posterior-to-
anterior shift in aging during cognitive tasks (35), very recent reports described a different
effect of aging on functional brain networks at rest (36). Tomasi and VVolkow hare reported
in 2012 that long-range connections are more vulnerable to aging effects than short-range
connections (36).

The vmPFC is regarded as an integrative center, that projects directly to nuclei involved in
affect regulation, including the amygdala, ventral striatum, and periaqueductal gray (37).
The vmPFC — amygdala interactions can be seen as flexibly manipulating and integrating
mental representations of one’s interaction with the environment (37). Our results, which
show a negative association between worry severity and vmPFC connectivity, leads us to
speculate that pathologic worry, especially in the elderly, may be related to decreased
flexibility in the prefrontal structures at rest. Thus, pathologic worriers may be “stuck” in a
stereotypical task related activity (e.g. persistent worry) while at rest, a perspective that
suggests they are unable to modify the mental representations in a flexible way based on
both environmental and internal input (interoception) (38). Consequently, the ability to
flexible respond to cognitive modifications such as those imbedded in CBT may be
diminishes, which would explain the poor CBT response rates in late-life GAD (15). These
hypotheses will require further testing, using designs that include both resting state and
worry-induction in-scanner tasks.

It is worth noting that neither the HARS nor the GADSS regression analysis survived
multiple comparisons. These results support the hypothesis of different neural substrates for
discrete forms of anxiety such as phasic fear and sustained apprehension (39). Moreover,
PSWQ explores a specific clinical construct (worry), while HARS measures general anxiety
symptoms, offering a useful but less focused composite score. Thus, it is possible that the
association between the worry severity and the DMN is rendered stronger due to the
specificity of the instrument. The lack of significance related to illness severity as measured
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by GADSS is more difficult to interpret and it will probably need further replication on
larger samples.

Our results show that the longer the illness, the greater the PCC-Insula connectivity. The
contribution of the hyperactive insula in anxiety is well documented (3, 40). As the insular
cortex is critically involved in integrating stimuli salience and in generating anticipatory
signals regarding aversive outcomes, the persistent misperception of interoception [=
“interoceptive hijacking”(41)] may play a crucial role in the chronicity of GAD, suggesting
a worsening interoceptive hijacking with progression of illness. Future studies will be
needed to test whether this feature may be used as a biomarker of treatment resistance.

In conclusion, our results indicate that the presence of GAD as well as the severity of worry
worsens the effect of age on the functional connectivity in the DMN. We may speculate that
increased worry and a diagnosis of GAD contribute to accelerate aging. It is worth noting
that while the age-by-anxiety analysis was significant, the anxiety group analysis did not
reach significance. These results may indicate that that anxiety impairs the intrinsic
functional connectivity especially in the context of increased age. Moreover, the significant
results obtained when exploring worry severity (but not a diagnosis of GAD), point toward
pathologic worry as the clinical correlate of disrupted DMN connectivity in GAD. These
findings support the use of a dimensional approach using severity of worry as outcome
measure.

However, given the cross-sectional design of our study we cannot infer the direction of the
anxiety-age correlation. As GAD is notably the only anxiety disorder in which new cases
arise in later life (12), it is possible that aging increases the susceptibility to anxiety through
changes in processes such as negative attentional bias and decreased prefrontal executive
control (42).

Overall, our results confirm the role of age in healthy volunteers and expanded to it to GAD,
one of the most prevalent mental disorders in the elderly (13). These results add weight to
the approach that advocates for tailored research in late-life mental disorders such as late-life
anxiety and depression (17).

Strength and limitations

Our study has several strengths: it analyzes a relatively large sample of GAD participants, it
uses a uniform design to compare young versus older GAD participants, and it uses a
“clean” sample (e.g. psychotropic free, with no other comorbid psychiatric illnesses at the
time of scan except for other anxiety disorders). Additionally, the use of robust WLS in
extracting Level 1 time-series allowed for a stronger detection of motion-related artifacts.
Some limitations are worth noting. While the overall GAD sample is fairly large, the
individual cells (especially for the younger group) are relatively small and may have reduced
our ability to detect significant effects in the anxiety group analysis. The analysis presented
in this study is cross-sectional. Thus, we cannot make direct inferences regarding the
longitudinal burden of pathologic anxiety in the same cohort. The duration of illness has
been obtained from participants’ report, a method weighted down by retrospective bias.
Previous studies have used motion, whole-brain, cerebrospinal fluid, white-matter, and
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physiologic measures to remove unwanted signal. We chose to use motion and cerebrospinal
fluid to limit the effects of motion and physiologic noise, while minimizing difficult-to-
interpret anti-correlations (43). Regarding the age-related vulnerability of long-range
connections, it is worth mentioning that two recent studies reported that weaker long-range
connections might be related to motion artifacts (44). These artifacts were strongest in
children and weakest in adults (44). It is unlikely that such artifacts were responsible for the
results reported in this study as we supplemented the regular motion correction with the use
of robust WLS to ensure that motion-induced outliers would not drive our results (32).

As our previous work strongly indicates a role for white matter lesions in the DMN changes
in late-life depression (45), further directions of research include the exploration of the role
of white matter structural lesions in eroding the long-range connections in the DMN of
anxious subjects. Other further directions of research involve exploring the behavior of other
functional networks (e.g. salience network, executive control network) during resting state,
and using resting state fMRI to identify biomarkers of treatment response and to contribute
to the development of tailored treatment options of individuals with generalized anxiety
(46).
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Fig. 1.
Main effect of Age.
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Legend: Young participants had significantly greater functional connectivity between the
PCC seed and multiple prefrontal medial prefrontal regions (BA 9,10, 32) [in red], while
older participants had greater functional connectivity between the PCC seed and temporo-
parietal regions, including the right insula (BA 13) [in blue]. Color bar presents t-values.

*Visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv).
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Fig. 2.

Age x Anxiety interaction.

Legend: The interaction showed that younger and less anxious participants had greater
connectivity between the PCC seed and the medial prefrontal cortex.
YA-YC>0A-OC: bilateral mPFC. Y A= young anxious, YC= young controls, OA=old
anxious, OC=old controls.

Color bar presents t-values.

*Visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv).
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Insular Cortex

Fig. 3.

Rggression analysis. Correlation with Duration of Iliness.

Legend: Longer duration of illness was significantly correlated with increased functional
connectivity between the PCC seed and bilateral Insular cortex. Color bar presents t-values.
*Visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv.
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Medial
Prefrontal

Fig. 4.
Regression Analysis. Correlation with Penn State Worry Questionnaire (PSWQ).

Legend: PSWQ scores were negatively correlated with greater functional connectivity
between the PCC seed and medial prefrontal cortex. Color bar presents t-values.
*Visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv.)
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