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Abstract

Objective—The dysregulation of stress-related networks due to chronic symptoms such as severe 

worry and/or rumination is one of the putative pathways linking anxiety in late-life with cognitive 

decline and increased cardiovascular burden. Symptoms such as severe worry or rumination 

respond poorly to standard treatment and drive the morbidity associated with anxiety in older 

adults. We assessed if any of the neural networks anchored in the stressrelated regions of interest 

(ROIs) are associated with distinct anxiety phenotypes (worry, rumination and global anxiety).

Methods—We recruited older participants (over 50 years of age) with varying levels of worry 

(N=91) to undergo resting state fMRI. We computed seed-based connectivity for each ROI: the 

bed nucleus of the stria terminalis (BNST), the paraventricular nucleus of the hypothalamus 

(PVN), habenula, and amygdala. We limited our connectivity analyses to extracted regions 

for each seeded ROI-based network based on their canonical networks in 1000 participants 

(Neurosynth). Using connectivity and clinical factors, we fit cross-validated elastic net models to 

predict scores on Penn State Worry Questionnaire, Rumination Subscale Questionnaire, Hamilton 

Anxiety Rating Scale, and Perceived Stress Scale.

Results—We identified several distinct connectivity patterns that predict anxiety phenotypes’ 

severity. Greater worry was associated with greater PVN-subgenual anterior cingulate cortex, 

parahippocampal (PHC), and olfactory and amygdala-PHC connectivity. Greater global anxiety 
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was associated with lower amygdala-superior temporal gyrus connectivity. Greater perceived 

stress was associated with lower amygdala-inferior temporal gyrus and amygdala-fusiform gyrus 

connectivity.

Conclusions—Our study suggests that various late-life anxiety phenotypes (worry, global 

anxiety, rumination) may be associated with varying functional connectivity related to stress and 

emotion regulation. This may aid in the development of future targeted interventions.
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Introduction

Anxiety disorders are the most common psychiatric disorders in older adults, with up 

to 15% prevalence in community samples and up to 28% prevalence in clinical samples 

(1, 2). Anxiety is a broad concept covering several distinct phenotypes such as global 

anxiety, worry, and - partially - rumination. Global anxiety includes both psychological 

anxiety (mental agitation and distress) and somatic anxiety (cardiovascular, respiratory 

and gastrointestinal symptoms) (3). Unlike global anxiety, worry tends to be specifically 

associated with apprehension about future events (4). In contrast, rumination is related to 

apprehension over past events (4). While worry and rumination remain distinct constructs, 

they both stem from persistent repetitive thoughts (5).

Anxiety disorders often have profound behavioral and mood effects, impacting overall 

functioning and carrying a significant personal and public health burden, both in terms 

of years-lived-with disability and costs associated with the illness (6). Particularly, late-

life anxiety disorders are related to increased morbidity and mortality through higher 

cardiovascular disease burden and considerable cognitive decline (7, 8). Over the last 

decade, multiple studies have reported an independent effect of various anxiety phenotypes 

(e.g., worry, rumination, global anxiety) on aging. More specifically, the independent effect 

of anxiety symptoms on increasing the risk of cognitive decline has been documented in 

several recent studies, including longitudinal studies indicating an increased association 

between amyloid burden and anxiety symptoms in cognitively normal older adults (9), and 

an association between anxiety symptoms and greater decline in executive function (10).

One of the putative pathways through which anxiety may contribute to aging involves the 

effect of dysregulated neural networks in inducing chronic, exaggerated stress responses. 

This poorly calibrated stress response is long-lasting and has chronic effects reverberating 

through multiple regulatory systems including the HPA axis, autonomic nervous system, and 

immune system (11–13). The highly vigilant state induced by chronic anxiety phenotypes 

produces chronic level of activation for cardiovascular, HPA and immune systems, which 

becomes consequential for brain aging (14) through heightened cerebrovascular burden, as 

well as greater tau and amyloid burden (15–18).

However, the unique neural signature of each anxiety phenotype is unclear. The distinctive 

neural signatures of different anxiety phenotypes have rarely been explored and are not well 
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understood due, in part, to the heterogeneity in measures of anxiety, which add considerable 

variability in imaging analyses. There seems to be a considerable correlation but also 

distinct phenomenological features among the anxiety phenotypes. Treatment response 

also differs; for example, global anxiety responds better to regular pharmacological and 

psychotherapeutic approaches, while severe worry is more difficult to treat (7). Given 

the world’s aging population and poorer response of phenotypes like severe worry to 

standard pharmaco- and psychotherapy in late life (19), a better understanding of the 

neurobiological correlates of late-life anxiety phenotypes would allow for the development 

of mechanistically informed interventions such as targeted brain stimulation techniques 

(e.g., transcranial magnetic stimulation).

Our previous work on emotion dysregulation in late-life anxiety (20), combined with 

recent animal and human studies (21, 22), identified a specific set of regions of interest 

(ROI) associated both with anxiety as well as stress regulation in the elderly. Worry and 

rumination, in particular, have been shown to lead to sustained emotional distress and 

prolonged physiological arousal in advance of (worry) and following (rumination) stressors 

(23).

The association of anxiety phenotypes with stress-related networks is not well understood. 

In this work, we evaluated if resting state functional connectivity could serve as a marker 

of vulnerability for anxiety and its phenotypes, including global anxiety, worry, and 

rumination, as well as stress. We explored the interface between networks anchored in 

ROIs involved in anxiety and stress responses in late life. We have chosen four of the most 

salient ROIs involved in anxiety and stress responses - the amygdala, the bed nucleus of stria 

terminalis (BNST), the paraventricular nucleus (PVN) and the habenula (24). The amygdala, 

a central limbic structure with an essential role in information integration from cortical 

and thalamic sensory inputs (25), is considered a key structure in both stress responses 

and anxiety circuitry (26). The BNST acts as a point of convergence between the limbic 

structures and PVN, receiving and coordinating upstream influences and modulating HPA 

output in response to stressors (27). The PVN is located at the nexus of multiple systems 

sensitive to external threat and internal physiological state (28). The PVN interprets stress-

activated signaling and acts as a primary driver of the HPA axis response. We included 

the habenula, an epithalamic nuclear complex implicated in emotion, reward modulation, 

and flexible decision making, due to its extensive connections with the forebrain and the 

midbrain, and the more recent data pointing toward its involvement in anxiety disorders (29).

In the current study, we used an elastic net regression to predict if any of the networks 

anchored in the stress-related ROIs are associated with distinct anxiety phenotypes, namely 

worry, rumination, and global anxiety. Due to the focus on the stress-anxiety relationships, 

we also included measures of chronic perceived stress. We hypothesized that worry and 

rumination, but not global anxiety, would be associated with greater functional connectivity 

in PVN- and amygdala-based networks. We also hypothesized that these associations would 

be distinctive from the effect of perceived stress on the stress-related neural networks.
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Methods

Participants and Study Design

We recruited 110 older participants (>50 years) as a part of an ongoing study (Functional 

Neuroanatomy Correlates of Worry in Older Adults - FINA). As described by Karim et al. 

(8), participants were recruited from the community of the greater Pittsburgh area through 

in person recommendations, online/television/radio advertisements, and flyers. The study 

was approved by the University of Pittsburgh Institutional Review Board and all participants 

provided written informed consent prior to participating.

In accordance with the NIMH RDoC (Research Domain Criteria) framework, we recruited 

participants with varying levels of worry ranging from low to severe. Categorical diagnoses 

were assessed using the structured clinical interview for DSM-V (SCID) administered 

by trained interviewers and confirmed by a psychiatrist. Notably, since we consider 

worry and other anxiety phenotypes to be a spectrum which can appear across multiple 

different diagnoses, our analyses did not include splitting participants into groups based 

on categorical diagnoses. However, the categorical diagnoses of the sample included in 

secondary analyses are reported under Statistical Analysis. The use of antidepressants was 

allowed if prescribed primarily for sleep or non-psychiatric indications (e.g., peripheral 

neuropathy) at low doses: amitriptyline (50mg/day), doxepin (50mg/day), trazodone 

(100mg/day), imipramine (50mg/day). All other antidepressants were tapered off and, 

if necessary, an adequate washout (e.g., six weeks for fluoxetine) was supervised by a 

psychiatrist.

Exclusion criteria for all participants were: diagnosis of autism spectrum disorder, 

intellectual development disorder, major neurocognitive disorder, psychosis, bipolar 

disorder, cerebrovascular accident, multiple sclerosis, vasculitis, or significant head trauma, 

presence of Axis II disorders, increased suicide risk, drug/alcohol abuse within the last 

six months, use of antidepressants within the last 5–14 days, use of high doses of 

benzodiazepines (defined as greater than equivalent of 2mg of lorazepam), uncorrected 

vision problems, below 6th grade level of reading, and/or any MRI contraindications.

Assessments

We collected standard demographic information including age, sex, race, and education, as 

well as illness severity [cumulative illness rating scale for geriatrics (CIRSG)] (30), and 

cognitive function [modified-mini mental state exam (3MSE)]) (31).

Major neurocognitive disorders were diagnosed using a comprehensive battery including the 

Repeatable Battery for the Assessment of Neuropsychological Status (R-BANS) (32), the 

sorting and verbal fluency tests of the Delis-Kaplan Executive Function System (D-KEFS) 

(33), Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) (34), and the 

Performance Assessment of Self-Care Skills (PASS) (35). Additionally, we used a 3MSE 

cutoff of 86 to determine gross cognitive impairment.

We collected the following clinical assessments: worry [Penn State Worry Questionnaire 

(PSWQ)] (36), overall anxiety [Hamilton Anxiety Rating Scale (HARS)]) (37), depression 
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[Montgomery-Asberg Depression Rating Scale(MADRS)] (38), rumination [Rumination 

Subscale from Response Styles Questionnaire (RSQ)] (39), neuroticism [Neuroticism 

subscale from the Five Factor Inventory (FFI)] (40), perceived stress [Cohen’s Perceived 

Stress Scale (PSS)] (41), and the habitual use of cognitive reappraisal and suppression 

subscale [Emotion Regulation Questionnaire (ERQ)] (42).

MRI Data Acquisition

All participants underwent a 1-hour MRI using a 3T Siemens MAGNETOM Prisma 

scanner with a 32-channel head coil at the Magnetic Resonance Research Center (MRRC) 

at the University of Pittsburgh. T1-weighted magnetization prepared rapid gradient echo 

(MPRAGE) images were collected with GeneRalized Autocalibrating Partial Parallel 

Acquisition (GRAPPA) with acceleration factor R=2 using the following specifications: 

repetition time (TR)/echo time (TE): 2400/2.22ms, flip angle 4°, 0.8 mm3 voxel size 

with 0.4mm slice gap, and a 320×300 field of view with 208 slices, for a total time 

of 6.63 minutes. T2-weighted Sampling Perfection with Application optimized Contrasts 

using different flip angle Evolution (SPACE) were collected with GRAPPA (R=2) with the 

following specifications: TR/TE: 3200/5.63ms, flip angle 120°, 0.8 mm3 voxel size without 

a slice gap, and a 320×300 field of view with 208 slices, for a total time of 5.95 minutes.

Resting state blood-oxygen-level-dependent (BOLD) images were collected using echo-

planar imaging with multiband acceleration factor of 5 and with the following specifications: 

TR/TE: 1000/30 ms, 2.3 mm3 isotropic voxel size with a 2.3 mm slice gap, and a 96×96 

field of view with 60 slices for a total of 8 minutes. Participants were instructed to fixate on 

a white crosshair on a black background and stay awake.

Structural Processing

Structural data were processed using a statistical parametric mapping toolbox (SPM 12) in 

MatLab 2018b (MathWorks, Natick, MA). All interpolation was done with a 4th degree 

B-spline and the similarity metric used for co-registration between different image types 

was normalized mutual information. Processing included the following procedures: (a) co-

registration of the T2-SPACE image to the MPRAGE using affine registration; (b) unified 

segmentation was used for bias correction, image normalization, and tissue classification. 

This process generates a deformation field that can be used to normalize images to MNI 

space. To counter the effect of white matter hyperintensities and improve gray matter 

classification, the number of Gaussians used to classify white matter was adjusted to two. 

We computed an intracranial volume mask by thresholding gray matter, white matter, and 

cerebrospinal fluid (CSF) probability maps by 0.1 then using image filling (imfill) and 

image close (imclose) in MatLab to generate a final cleaned up mask. This was used to 

skull-strip the MPRAGE image in native space.

Resting State Preprocessing

Functional data were preprocessed using a combination of SPM12 and in-house scripts in 

MatLab 2018b. Preprocessing included the following procedures: (a) slice time correction 

using the temporally middle slice as the reference; (b) motion correction via rigid body 

co-registration to the mean; (c) co-registration to the skull stripped MPRAGE, where the 
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mean functional image was used to calculate the affine transformation; (d) normalization to 

MNI space using the structural deformation from structural processing with 2 mm isotropic 

resolution; and (e) smoothing with an 8mm FWHM Gaussian kernel. We then conducted 

wavelet despiking to remove spike artifacts and filtering by regressing out six motion 

parameters, and five principal components of white matter and cerebrospinal fluid, a series 

of sinusoids corresponding to unwanted frequencies outside of the band-pass in resting state 

(i.e., a band-pass filter 0.008–0.15 Hz). By doing this in a single regression in one step, we 

do not reintroduce artifact/noise into our signal.

Seed-Based Resting State Connectivity

We computed seed-based resting state connectivity maps for the BNST, PVN, habenula 

and left and right amygdala. The ROIs for the BNST, PVN and habenula were hand-drawn 

by an expert neuroanatomist (LB) in MNI space. The left and right amygdala ROIs were 

extracted using the Automated anatomical labeling atlas 3 (AAL3). Rather than investigating 

voxel-wise associations, we opted to identify canonical regions associated with each ROI. 

For each ROI, we found its center of mass and a coordinate in MNI space was extracted. 

We used center of mass coordinates to extract connectivity maps for each network based 

on their canonical networks in 1000 healthy participants as generated by Neurosynth. 

We downloaded and thresholded these maps (>0.1), separated regions using the AAL3, 

which resulted in a list of regions for each ROI. For each ROI, we extracted the average 

connectivity of each region that was identified via Neurosynth. Several temporal regions 

were excluded due to a poor signal to noise ratio (PVN – right temporal pole: middle 

temporal gyrus; PVN – left temporal lobe: superior temporal gyrus; left amygdala – right 

and left temporal pole: middle temporal gyrus; left amygdala – right and left middle 

temporal gyrus; right amygdala – right temporal pole: superior temporal gyrus; right 

amygdala – bilateral temporal pole: middle temporal gyrus). To identify highly collinear 

regions, we computed Pearson correlations between regions that were present on the left 

and right hemisphere. Specifically, for those regions that had a correlation of r > 0.7, we 

computed the average of the two regions and identified it instead as a bilateral region. On 

all remaining regions, we conducted a one-sample t-test and identified regions that had 

connectivity that was greater than zero after false-discovery rate (FDR) correction (p<0.05). 

For each ROI (BNST, PVN, habenula, and amygdala), this identified pairs of connectivity 

that were significantly correlated in a normative sample (Neurosynth.org) and in our sample.

Statistical Analysis

Prior to statistical analysis, there were 16 participants who were excluded from analysis: 9 

participants had severe signal dropout via a manual quality check and 7 had preprocessing 

failures (normalization to MNI space failed). Additionally, 3 participants were excluded 

due to excessive motion, as defined by the art repair toolbox, https://github.com/Remi-Gau/

art_repair, greater than 20% of the volumes. In addition, we computed 1.5x the interquartile 

range on our scales of interest (PSWQ, PSS, RSQ, and HARS). We identified the following 

number of participants as potential outliers on the scales of interest: 1 participant on PSS, 2 

participants on RSQ, and 3 participants on HARS. However, given that these three measures 

did not have a normal distribution, we decided to include these people in the rest of 

the analysis, unless they were confirmed as outliers later in the analysis through using 
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residuals from the elastic net models (see below). Thus, the analysis sample consisted of 

91 participants. This cohort had 21 participants with current Generalized Anxiety Disorder 

(23%), 3 participants with current Post Traumatic Stress Disorder (3.3%), 7 participants 

with current Social Phobia (7.7%), 20 participants with any other current anxiety disorder 

(22%), and 5 participants with current Major Depressive Disorder (5.5%). Out of our 

final participant sample, 3 participants required tapering off antidepressants prior to study 

initiation (3.3%).

The n=91 participants had the following missing questionnaire data: education (four 

missing), CIRSG (seven missing), PSQW (one missing), HARS (two missing), MADRS 

(four missing), RSQ (eight missing), FFI-N (twelve missing), ERQ (nine missing) and PSS 

(nine missing). To handle missing data, we computed multiple imputation analysis using 

random forests with five imputations written in MICE package in R, with all variables 

imputed inside of their appropriate range (e.g., PSS ranges from 0–40).

We used the eNetXplorer package in R to build four cross-validated (5-fold cross-validation) 

elastic net models to predict participants’ scores on PSWQ, PSS, RSQ, and HARS. All 

the models had a combination of demographic and clinical variables, including age, sex, 

race, education, CIRSG, MADRS, ERQ suppression, ERQ reappraisal, FFI-N, and the 

other three questionnaires predicted in separate models (e.g., if the current model was 

predicting PSWQ, then RSQ, HARS, and PSS were included as independent variables). 

We computed 500 permutations for each model, and all the models used five-fold cross 

validation. For each model, we optimized over 50 values of lambda and alpha from 0–1 (10 

values). In elastic net models, lambda controls the amount of regularization (where higher 

values indicate a greater penalty per additional non-zero independent variable) and alpha 

controls the mixing between ridge regression (alpha=0) and LASSO (alpha=1, least absolute 

shrinkage and selection operator). To maximize interpretability, we focused on choosing 

models closest to ridge regression that were significant.

Using the residuals from the eNetXplorer results, we confirmed suspected outliers on the 

scales of interest. In other words, the same participants who were outliers identified by 

looking at 1.5x the interquartile range ended up being outliers on the residuals as well. 

Thus, we removed the outliers, and reran the model with the following sample sizes: 91 

participants for PSWQ, 90 for PSS, 89 for RSQ, and 88 for HARS. Thus, the following 

results are from the samples not including the identified outliers.

Results

Table 1 contains the demographic and clinical characterization of the participant sample. 

Our sample is consistent with the demographics of the greater Pittsburgh area. We found that 

multiple factors explained significant variance in PSWQ, PSS, RSQ and HARS (Table 2, 

Table 3, Figure 1).

Greater worry, as measured by PSWQ, was associated with greater MADRS, FFI-N, PSS, 

HARS, and RSQ, as well as greater functional connectivity between the following regions: 

PVN - left subgenual anterior cingulate cortex, PVN - right parahippocampal gyrus, PVN 
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- bilateral olfactory cortex, and right amygdala - right parahippocampal gyrus [out-of-bag 

correlation coefficient r(89)=0.55, permuted p-value < 0.0001, alpha=0, and lambda=98.1].

Greater stress, as measured by PSS, was associated with greater MADRS, FFI-N, HARS, 

RSQ, and PSWQ. It was also associated with lower connectivity in the following areas: 

left amygdala - right inferior temporal gyrus, left amygdala - left inferior temporal gyrus, 

and left amygdala - bilateral fusiform gyrus [out-of-bag correlation coefficient r(88)=0.64, 

permuted p-value < 0.0001, alpha=0, and lambda=52.6].

Greater rumination, as measured by RSQ, was associated with greater MADRS, FFI-N, 

PSWQ, HARS, ERQ Suppression and PSS. It was also associated with lower Age 

[out-of-bag correlation coefficient r(87)=0.50, permuted p-value < 0.0001, alpha=0, and 

lambda=70.6].

Greater global anxiety, as measured by HARS, was associated with greater MADRS, FFI-N, 

PSS, RSQ and PSWQ. It was also associated with lower left amygdala - left superior 

temporal gyrus connectivity [out-of-bag correlation coefficient r(86)=0.56, permuted p-value 

< 0.0001, alpha=0, and lambda=43.3].

Discussion

In the current study, we investigated if any of the networks anchored in the stress-related 

ROIs are associated with distinct anxiety phenotypes, namely worry, rumination, and 

global anxiety, as well as perceived stress. We found that all the anxiety phenotypes 

were associated with each other, as well as MADRS (depression severity) and FFI-N 

(Neuroticism). This was expected, as these scales capture many partially overlapping 

behavioral symptoms. In addition, higher rumination was predicted by higher ERQ 

Suppression scores, as well as lower age – a phenomenon that has been previously reported 

(43, 44).

Additionally, we identified several distinct connectivity patterns that are associated with 

anxiety phenotypes severity in older adults. Notably, greater PVN – left amygdala 

connectivity was associated with a higher worry severity in late life. Lower left amygdala 

connectivity was associated with both higher global anxiety and higher perceived stress. 

These results emphasize that different anxiety phenotypes have specific neural signatures.

Greater worry (as measured by PSWQ) was associated with higher PVN connectivity, 

linking one of the most pernicious anxiety phenotypes (severe worry) with functional 

networks involved in stress regulation. These results confirm our previous work on 

a different, smaller sample, pointing toward an association between PVN-amygdala 

connectivity and worry severity (20). Chronic, severe worry has been demonstrated to have 

a deleterious effect on both cardiovascular health and cognitive function. A ubiquitous 

syndrome hiding in the geriatric community (20% of older adults reports severe worry 

(45)), worry has been associated with diminished heart rate variability, higher risks of 

hypertension, coronary heart disease, stroke and heart failure (46, 47). In one of the few 

studies examining the effect of specific anxiety phenotypes on cognitive decline, Pietrzak 

et al. (48) reported that older adults with even mildly elevated worry symptoms performed 
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worse on multiple cognitive measures and showed significant decline in memory at 2-year 

follow-up compared with low-worry older adults. Moreover, in our recent work, we have 

used a machine learning model to predict brain age, and we reported that worry and 

rumination were associated with accelerated aging, each point of the PSWQ adding 1.3 

months to brain age (8). In addition, we found significant connectivity changes between the 

PVN and the bilateral olfactory cortex. Olfactory circuit connectivity changes have been 

previously reported in anxiety (49). Further, changes in olfaction are a reliable predictor of 

cognitive decline (50, 51) and they may be caused by or further exacerbated by severe worry.

Thus, our results point toward a possible mechanistic hypothesis for the effect of worry 

on aging. As a chronic phenomenon, worry converts the immediate psychological and 

physiological responses to daily stressors into prolonged physiological activation of the 

regulatory systems, leaving the individual in a prolonged state of “action preparation”. 

Worry has been shown to lead to sustained emotional distress and prolonged physiological 

arousal in advance of stressors (19). Gradually, this chronic activation becomes detrimental, 

accelerating the aging of both brain and body. The lack of significance for the rumination 

analysis may point toward shared mechanisms between worry and rumination, with worry 

having “an edge” over rumination as pointed out by our results.

Global anxiety (as measured by HARS) was predicted by lower connectivity between left 

amygdala and left superior temporal gyrus. These results may indicate a regulatory and 

inhibitory effect of the left superior temporal gyrus on the amygdala activity, supported 

by the consistent projections of the amygdala body to the superior temporal gyrus (52). 

Consequently, the lower amygdala-superior temporal connectivity may cause a release of 

amygdalar activity reflected in higher overall anxiety in older participants. The role of the 

superior temporal gyrus in several anxiety disorders has been described in pediatric (53), 

adult (54), and older adult (55) populations. Our results point to its specific role in the 

context of global anxiety - capturing most likely features related to social phobia (56) and 

post-traumatic stress (57) - thus further distinguishing global anxiety from severe worry.

We have included perceived stress in our analysis in order to explore if stress perception 

may explain the effect of anxiety phenotypes on stress-related networks. We found that 

the perception of stress is related to a relatively distinct neural pattern. Thus, greater 

perceived stress (as measured by PSS) was associated with lower connectivity between 

left amygdala and left and right inferior temporal gyrus, as well as left amygdala and 

bilateral fusiform gyrus. These results partially overlap with the global anxiety findings, 

and mirror previous reports in the literature, including altered amygdala-inferior temporal 

gyrus connectivity in social anxiety disorder (58), and altered amygdala-fusiform gyrus 

connectivity in post-traumatic stress disorder (59). As suggested by Liao and colleagues 

(58), changes in connectivity between the amygdala and the inferior temporal gyrus might 

form a neurobiological basis for attentional bias present in stress and some of the categorical 

anxiety disorders.

Understanding the neurobiological correlates of late-life anxiety phenotypes may lead to 

successful targeted interventions such as transcranial magnetic stimulation. Notably, a recent 

meta-analysis found that transcranial magnetic stimulation may be an effective treatment 
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for anxiety and trauma-related disorders (60), both of which commonly encompass anxiety 

phenotypes described in this paper. Thus, targeted interventions that modulate specific 

networks, may help diminish the symptoms associated with specific anxiety phenotypes.

Our study has several limitations - as we examined an older population, our results may 

not be generalizable to younger cohorts; a larger sample may allow us to capture weaker 

albeit phenotype-specific associations. We conducted a cross-sectional study, thus we cannot 

make causal inferences based on reported associations. Conducting a longitudinal study in 

the future may help establish temporal sequence for observed findings. We fit elastic net 

models, which are optimized to include factors that are most predictive, and this may result 

in loss of generalizability. However, we conducted cross-validation and computed out-of-bag 

correlation coefficients to improve generalizability. Due to the overlap between emotion 

regulation and stress responsive neural circuits, we primarily focused on regions associated 

with stress, so other regions of the brain may correlate with anxiety phenotypes. The anxiety 

phenotypes have considerable overlap and are correlated (as confirmed in Table 2), which 

is why the elastic net regression was used to identify how connectivity explained unique 

variance in each anxiety phenotype. Finally, it is important to note that while the clinical 

scales used in this study are generally found to be reliable (61–63), and have well-reported 

internal consistency (64–66), they were designed to quantify behavioral symptoms. The 

correlation with neural results is only the first step toward the future development of scales 

optimized for the mapping of behavioral symptoms onto neuroanatomical circuits.

In conclusion, we presented new data describing distinct neurobiological correlates of 

late-life anxiety phenotypes and pointing toward a potential mechanistic pathway linking 

late-life worry with chronic, poorly regulated stress response. Our results suggest the need 

to aggressively treat severe worry throughout the lifespan and to develop mechanistically 

informed interventions to prevent the effect of severe worry on overall health.
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What is the primary question addressed by this study?

In this work, we assessed if any of the neural networks anchored in the stress-related 

regions of interest are associated with distinct anxiety phenotypes (worry, rumination and 

global anxiety).

What is the main finding of this study?

We found distinct neurobiological correlates of late-life anxiety phenotypes which point 

toward a potential mechanistic pathway linking late-life worry with chronic, poorly 

regulated stress response.

What is the meaning of the finding?

Our results emphasize the importance of developing neurobiologically-grounded 

interventions to reduce the effects of late-life anxiety on overall health.
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Figure 1. Elastic Net Results for Three Anxiety Phenotypes as Measured by PSWQ, PSS, and 
HARS.
Increased functional connectivity between bilateral paraventricular nucleus (PVN) and 

the left subgenual anterior cingulate cortex, the bilateral olfactory cortex and the right 

parahippocampal gyrus, as well as increased connectivity between the right amygdala and 

the right parahippocampal gyrus were associated with higher worry as measured by Penn 

State Worry Questionnaire (PSWQ). Decreased functional connectivity between the left 

amygdala and the right and left inferior temporal gyrus as well as the bilateral fusiform 

gyrus was associated with higher perceived stress, as measured by Cohen’s Perceived 

Stress Scale (PSS). Decreased functional connectivity between the left amygdala and the 

left superior temporal gyrus was associated with increased global anxiety, as measured by 

Hamilton Anxiety Rating Scale (HARS).

Kolobaric et al. Page 15

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kolobaric et al. Page 16

Table 1.

Demographics of the Participant Sample.

Variable name Total sample (n=91) Number missing Imputed mean

Mean/N SD/%

Age 61.2 8.2 0

Sex, male 37 40.7% 0

Race 0

W 80 87.9%

B 10 11.0%

MR 1 1.1%

Education 15.8 2.5 4 15.8

CIRSG 4.1 3.6 7 4.1

PSWQ 49.6 14.5 1 49.8

HARS 7.9 6.9 2 8.0

MADRS 7.4 8.0 4 7.7

RSQ 38.0 13.0 8 37.6

FFI-N 20.1 9.9 12 20.4

ERQ Reappraisal 29.6 7.5 9 29.7

ERQ Suppression 14.0 5.3 9 14.0

PSS 15.4 8.1 9 15.4

Note. Race W: white, B: Black, MR: multiracial. CIRSG: Cumulative Illness Rating Scale for Geriatrics. PSWQ: Penn State Worry Questionnaire. 
HARS: Hamilton Anxiety Rating Scale. MADRS: Montgomery-Asberg Depression Rating Scale. RSQ: Rumination Subscale Questionnaire. 
FFI-N: Neuroticism subscale from the Five Factor Inventory. ERQ Reappraisal and Suppression: Reappraisal and Suppression subscales from the 
Emotion Regulation Questionnaire. PSS: Cohen’s Perceived Stress Scale.
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Table 2.

Elastic Net Results for Four Anxiety Phenotypes: Worry (Measured by PSWQ), Stress (Measured by PSS), 

Rumination (Measured by RSQ), and Global Anxiety (Measured by HARS). Showing Significant Clinical and 

Demographic Measures.

Feature
PSWQ PSS RSQ HARS

Mean β(SD) Mean β(SD) Mean β(SD) Mean β(SD)

MADRS 0.70(0.004) **** 0.39(0.002) **** 0.47(0.004) *** 0.38(0.001) ****

Neuroticism 0.89(0.003) **** 0.47(0.001) **** 0.68(0.003) **** 0.18(0.001) ***

PSS 0.73(0.004) **** 0.69(0.003) **** 0.24(0.001) ****

HARS 0.69(0.006) **** 0.39(0.003) **** 0.45(0.004) ***

RSQ 0.75(0.004) **** 0.44(0.002) **** 0.17(0.001) **

PSWQ 0.42(0.001) **** 0.58(0.003) **** 0.25(0.001) ****

ERQ Suppression 0.30(0.003) *

Age −0.28(0.003) *

Note. The results were obtained by building 4 separate elastic net models, one for each anxiety phenotype. We optimized over 50 values of 
lambda and 10 values of alpha over the range [0–1]. We ran 500 permutations using 5-fold cross validation for each model. P-values were used 
to assess statistical significance of mean non-zero feature coefficients and were obtained by running a model versus null comparison. Significance 
levels for p-values: 0.05 = *, 0.01 = **, 0.001 = ***, 0.0001 = ****. β values refer to mean of standardized regression coefficients over runs 
(n=500), weighed by non-zero frequency over folds (n=5). SD refers to standard deviation of feature coefficients over runs (n=500), weighted by 
non-zero frequency over folds (n=5). Abbreviations: PSWQ: Penn State Worry Questionnaire. PSS: Perceived Stress Scale. RSQ: Response Styles 
Questionnaire, HARS: Hamilton Anxiety Rating Scale. MADRS: MontgomeryAsberg Depression Rating Scale. Neuroticism: NEO Five Factor 
Inventory, Neuroticism Subscale. ERQ Suppression: Emotion Regulation Scale, Suppression Subscale.
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Table 3.

Elastic Net Results for Three Anxiety Phenotypes: Worry (Measured by PSWQ), Stress (Measured by 

PSS), and Global Anxiety (Measured by HARS). Showing Significant Resting State Functional Connectivity 

Measures.

Feature
PSWQ PSSQ HARSQ

Mean β(SD) Mean β(SD) Mean β(SD)

PVN - Left Subgenual Anterior Cingulate Cortex 0.33(0.004) *

PVN - Right Parahippocampal Gyrus 0.37(0.004) *

PVN - Bilateral Olfactory Cortex 0.32(0.004) *

Right Amygdala - Right Parahippocampal Gyrus 0.32(0.004) *

Left Amygdala - Right Inferior Temporal Gyrus −0.15(0.002) *

Left Amygdala - Left Inferior Temporal Gyrus −0.17(0.002) *

Left Amygdala - Bilateral Fusiform Gyrus −0.18(0.002) **

Left Amygdala - Left Superior Temporal Gyrus −0.11(0.001) *

Note.

The results were obtained by building 4 separate elastic net models, one for each anxiety phenotype. Results for Rumination (Measured by RSQ) 
did not reach statistical significance. We optimized over 50 values of lambda and 10 values of alpha over the range [0–1]. We ran 500 permutations 
using 5-fold cross validation for each model. P-values were used to assess statistical significance of mean non-zero feature coefficients and were 
obtained by running a model versus null comparison. Significance levels for p-values: 0.05 = *, 0.01 = **, 0.001 = ***, 0.0001 = ****. β values 
refer to mean of standardized regression coefficients over runs (n=500), weighed by non-zero frequency over folds (n=5). SD refers to standard 
deviation of feature coefficients over runs (n=500), weighted by non-zero frequency over folds (n=5). Abbreviations: PSWQ: Penn State Worry 
Questionnaire. PSS: Perceived Stress Scale. RSQ: Response Styles Questionnaire, HARS: Hamilton Anxiety Rating Scale. PVN: Paraventricular 
Nucleus.
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