
Distinct Resting State Functional Connectivity Abnormalities in 
Hoarding Disorder and Major Depressive Disorder

Hannah C. Levya,*, Michael C. Stevensb,c, David C. Glahnb,c, Krishna Pancholib, and David F. 
Tolina,c

aAnxiety Disorders Center, Institute of Living/Hartford Hospital, 200 Retreat Avenue, Hartford, CT 
06106 USA

bOlin Neuropsychiatry Research Center, Institute of Living/Hartford Hospital, 400 Washington 
Street, Hartford, CT 06106 USA

cDepartment of Psychiatry, Yale University School of Medicine, 300 George Street, New Haven, 
CT 06511 USA

Abstract

Emerging research suggests that hoarding disorder (HD) is associated with abnormal 

hemodynamic activity in frontal brain regions. Prior studies have not examined intrinsic network 

connectivity in HD during unstructured “resting state” fMRI. Furthermore, it remains unclear 

whether previously observed HD abnormalities might be better explained by the presence of other 

disorders frequently comorbid with HD, such as major depressive disorder (MDD). The current 

study compared resting state functional connectivity in HD-only patients (n = 17), MDD-only 

patients (n = 8), patients with co-occurring HD and MDD (n = 10), and healthy control 

participants (n = 18). Using independent component analysis, we found that HD-only patients 

exhibited lower functional connectivity in a “task positive” cognitive control network, compared to 

the other three groups. The HD group also had greater connectivity in regions of the “task 

negative” default mode network than did the other groups. Findings suggest that HD is associated 

with a unique neurobiological profile, and are discussed in terms of recent neurological and 

neuropsychological findings and models in HD and related disorders.
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Hoarding disorder (HD) is characterized by difficulty discarding personal possessions 

regardless of their value, leading to excessive clutter in the home and other areas (American 

Psychiatric Association, 2013). Although no formal neurobiological model of HD yet exists, 
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emerging neuroimaging research suggests abnormal activation in frontal brain regions 

associated with decision making and other executive functions. Functional magnetic 

resonance imaging (fMRI) studies have found neural activation differences in the anterior 

cingulate cortex (ACC), bilateral insula, and bilateral thalamus during real-time or imagined 

discarding in individuals with HD compared to those without HD (Boschen, Neumann, & 

Waters, 2009; Tolin, Kiehl, Worhunsky, Book, & Maltby, 2009; Tolin et al., 2012). 

Importantly, these differences were correlated with HD symptom severity, and were not 

attributable to obsessive-compulsive disorder (OCD) or depression severity (Tolin et al., 

2012). In a related study, Tolin, Witt, and Stevens (2014) examined brain activation among 

HD patients, OCD patients, and HCs during a response inhibition (Go/No Go) task. When 

HD patients successfully inhibited their responses (correct rejects), they showed greater 

activation in right precental gyrus compared to OCD patients and less activation in left 

middle frontal gyrus compared to controls. By contrast, no group differences in neural 

activation were noted during errors of commission (unsuccessful response inhibition). 

Consistent with these results, Hough et al. (2016) recently reported increased activation in 

frontal regions (ACC and right dorsolateral prefrontal cortex) during response inhibition in 

HD participants compared to participants with OCD and healthy controls.

Taken together, these emerging results suggest that HD is neurobiologically distinct from 

OCD, and is characterized by discrete abnormalities in frontal brain regions. As a 

complement to task-based fMRI, it is possible to examine neural activity during a resting 

state when participants are not engaged in directed cognitive activity (van den Heuvel & 

Hulshoff Pol, 2010). Although Saxena et al. (2004) described resting-state brain metabolic 

abnormalities in OCD patients with prominent hoarding symptoms, no studies have used 

resting-state fMRI in HD patients in order to gain insight into intrinsic network functional 

connectivity across distributed systems. Cross-correlation or comparable statistical 

approaches can quantify the degree to which distributed brain regions co-engage to form 

networks, across which it is presumed that information processing frequently occurs. Such 

research has shown that a network of brain regions (the default mode network, DMN), 

comprising the posterior cingulate (PCC), precuneus, medial prefrontal cortex (MPFC), and 

posterior temporal cortical areas, typically have high activity during unstructured rest and 

internally-focused cognitive activities (e.g., mind wandering; Christoff, Gordon, Smallwood, 

Smith, & Schooler, 2009; Raichle et al., 2001), but decrease during task performance. This 

“task negative” network is complemented by what Raichle originally dubbed “task positive” 

brain regions largely in prefrontal and parietal cortices that form networks engaged by a 

wide variety of cognitive tasks (Raichle, 2015). To our knowledge, no prior studies have 

investigated neural activity in the “task negative” network during rest in patients with HD. 

However, it is reasonable to hypothesize that connectivity in both the “task negative” and 

“task positive” systems may be impaired in HD given growing evidence of neural activation 

abnormalities in HD patients as described above.

HD somewhat resembles other neuropsychiatric disorders that are characterized by similar 

cognitive deficits such as major depressive disorder (MDD), attention-deficit/hyperactivity 

disorder (ADHD), and OCD. There is ample evidence that these other disorders show 

abnormal connectivity during cognitive and executive functioning tasks (Bush, 2010; 

Castellanos et al., 2008; Nakao et al., 2005), giving rise to the possibility that HD might 
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show comparable network connectivity abnormalities. A useful question to frame an HD 

resting state functional connectivity study is to ask whether HD shares the same brain 

connectivity abnormalities with other disorders most frequently found to be comorbid with 

HD, or whether it has a distinct profile of brain dysfunction. In particular, HD and MDD 

most often co-occur, with more than 50% of HD patients meeting diagnostic criteria for 

MDD in comparison to only 20% meeting criteria for OCD (Frost, Steketee, & Tolin, 2011). 

Reviews of resting-state fMRI studies in MDD have found abnormal resting state functional 

connectivity in medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC), 

precuneus, and medial, lateral, and inferior parietal cortices (Wang, Hermens, Hickie, & 

Lagopoulos, 2012; Zhong, Pu, & Yao, 2016). Given the comorbidity between HD and MDD 

and evidence for some similar cognitive deficits (e.g., difficulty concentrating; Marazziti, 

Consoli, Picchetti, Carlini, & Faravelli, 2010), it is important to ensure that any intrinsic 

network connectivity abnormalities that might be observed in HD cannot be attributed to 

MDD. As such, MDD is a highly suitable comparison disorder for clarifying whether HD 

has a distinct neurobiological profile that is characterized by unique brain dysfunction.

The purpose of the current study was to compare resting state brain function in the task-

negative default mode network and the task-positive cognitive control network in HD-only 

patients (“HD group”), MDD-only patients (“MDD group”), patients with co-occurring HD 

and MDD (“HD+MDD group”), and healthy controls (“HC group”). Our primary goal was 

to identify potential HD-specific connectivity abnormalities in order to further expand and 

detail a nascent neurobiological model of HD and to differentiate any observed 

abnormalities from MDD. Given the strong evidence that HD is neurobiologically distinct 

from OCD as reviewed above, we elected not to include an OCD comparison sample. Given 

that this is the first study of resting state functional connectivity in HD, our exploratory aims 

employed a statistical inference framework capable of identifying group differences across 

the entire brain while adequately controlling Type I error. We hypothesized that HD patients 

would exhibit connectivity abnormalities in both task-positive and task-negative network 

regions, and that these would differ characteristically from connectivity profiles found in 

MDD.

Materials and Methods

Participants

fMRI data were collected from an HD group (n = 17), an MDD group (n = 8), an HD+MDD 

group (n = 10), and an HC group (n = 18) as part of two research studies, the first examining 

brain function in HD (Tolin et al., 2012; Tolin et al., 2014) and the second investigating 

biomarkers of mood disorders (unpublished). Participants were enrolled from October 2007 

through October 2013. See Table 1 for demographic and clinical characteristics of the 

sample. As can be seen in the table, groups did not differ with respect to age, sex, race, 

ethnicity, or education level. Relative to the HD-only group (35%), a greater proportion of 

patients in the MDD (100%) and HD+MDD (90%) groups were taking psychiatric 

medications. Fifty-three percent of the HD-only group and 70% of the HD+MDD group had 

a comorbid anxiety disorder. There were no patients with comorbid anxiety disorders in the 
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MDD-only group. There were also no patients with comorbid OCD across the three clinical 

groups.

The HD and HD+MDD group inclusion criterion was having a primary diagnosis of HD of 

at least moderate severity as assessed by the Hoarding Rating Scale-Interview (see below). 

For the HD+MDD group, the comorbid depressive disorder could be of any severity as long 

as it was severe enough to be diagnosable. The MDD group inclusion criterion was having a 

diagnosis of MDD as determined by the Structured Clinical Interview for DSM-IV-TR Axis 

I Disorders-Patient Edition (SCID I/P; First, Spitzer, Gibbon, & Williams, 1995). Exclusion 

criteria for the HD, HD+MDD, and MDD clinical groups were a history of psychotic 

disorder or neurologic disorder, current substance use disorder, and current active suicidal 

ideation. Participants in the HC group had no current or past psychiatric disorder, no history 

of neurologic disorder, and were not taking psychiatric medications. Individuals who were 

deemed unsuitable for fMRI (e.g., those with metal implants) were excluded from all 

groups.

Measures

The following interviews were conducted by trained postdoctoral fellows or postgraduate 

research assistants.

For the HD and HD+MDD groups, the Hoarding Rating Scale-Interview (HRS-I; Tolin, 

Frost, & Steketee, 2010) was used to determine HD diagnosis. The HRS-I is a clinician-

administered semi-structured interview that assesses the severity of clutter, difficulty 

discarding, and compulsive acquiring, as well as distress and impairment associated with 

these symptoms.

For the HD, HD+MDD, and HC groups, all other psychiatric diagnoses, including MDD, 

were assessed using the Anxiety Disorders Interview Schedule for DSM-IV (ADIS-IV; Di 

Nardo, Brown, & Barlow, 1994), a clinician-administered semi-structured diagnostic 

interview. The ADIS-IV assesses current and lifetime anxiety, mood, substance use, 

somatoform, and psychotic disorders. Clinicians rate the severity of each diagnosis on a 0 

(Complete absence of symptoms) to 8 (Severe symptoms) scale; a severity rating of 4 or 

higher indicates a diagnosable disorder. To be included in the HD+MDD group, patients had 

to have diagnoses of HD and MDD as determined by the HRS-I and ADIS-IV.

Because the MDD group participants were recruited from a different study, they completed a 

different assessment protocol. For these patients, MDD and comorbid conditions were 

assessed with the SCID I/P (First et al., 1995), a semi-structured diagnostic interview that 

assesses psychiatric disorders based on the DSM-IV criteria (American Psychiatric 

Association, 1994). Because the SCID I/P does not assess hoarding, participants in the MDD 

group were not specifically evaluated for the presence or absence of HD symptoms.

All participants also completed the Hamilton Depression Rating Scale (HAM-D; Hamilton, 

1960). The HAM-D is a 17-item clinician-administered interview that assesses depression 

severity over the past week. To be eligible for the MDD group, patients had to have a score 

of 14 or greater on the HAM-D, indicating at least moderate depression severity.
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Procedure

The study was carried out in accordance with the latest version of the Declaration of 

Helsinki and approved and monitored by the Hartford Hospital Institutional Review Board. 

All participants signed an informed consent document that was explained carefully, and 

were given the opportunity to ask questions. The investigator affirmed that participants were 

capable of providing informed consent. After providing written informed consent, 

participants completed the ADIS-IV and HRS-I (HD, HD+MDD, and HC groups) or the 

SCID (MDD group) with a trained clinician. They then completed the fMRI protocol. 

During the fMRI session, participants were given time to habituate to the scanner 

environment before fMRI data collection. For the resting-state scan, participants were asked 

to fixate on a black screen with a small white cross in the center. They were asked to remain 

awake and alert with their eyes open during the entire scan, which lasted for 5 minutes and 

15 seconds.

Imaging Parameters and Processing

All MRI data were collected using a 3.0 Tesla Siemens Allegra MRI scanner (Erlangen, 

Germany) at the Olin Neuropsychiatry Research Center, Institute of Living/

HartfordHospital. fMRI data were acquired using a gradient-echo echo-planar imaging (EPI) 

pulse sequence: repetition time (TR)=1500 msec, echo time (TE)=28 msec, flip angle=65°, 

field of view=24×24 cm, acquisition matrix=64×64, A>>P phase encoding, voxel 

size=3.4×3.4 mm, slice thickness=5 mm, number of slices=29 (acquired sequentially). 

Gradient echo fieldmaps: TR=580 msec, TE=7 msec, flip angle=90°, matrix=128×128, 

A>>P phase encoding, 3 mm slice thickness. MPRAGE T1-weighted images of brain 

structure: TR=2500 msec, TE=2.74 msec, flip angle=8°, matrix=256×208, 1 mm slice 

thickness.

Each fMRI timeseries was realigned to the mid-series volume (Jenkinson, Bannister, Brady, 

& Smith, 2002), corrected for slice-timing acquisition differences (Jenkinson, Beckmann, 

Behrens, Woolrich, & Smith, 2012) and spatial distortions due to inhomogeneity removed 

using fieldmap-based unwarping (Jenkinson, 2003). Head motion was infrequent, as average 

framewise displacement (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012) was only 

0.25 mm for the sample. Neither mean framewise displacement (F3,49 = 0.535, p = .661) nor 

the number of head movements > 0.5 mm in each timeseries (F3,49 = 0.353, p = 0.787) 

differed across the four study groups. The influence of micromovements and any infrequent 

signal spikes were removed using AFNI 3dDespike (Cox, 1996). Volumes were 

automatically reoriented to stereotactic space using 3-parameter rigid body realignment. An 

example fMRI volume was co-registered to the MPRAGE high-resolution brain structure 

scan, then spatial normalization parameters mapping the T1 to MNI atlas space were applied 

to each fMRI volume. Each image of the resulting timeseries was spatially smoothed with a 

6 mm FWHM Gaussian kernel.

Functional Connectivity Independent Component Analysis (ICA)

ICA is a whole brain, data-driven multivariate analysis method that identifies distinct groups 

of brain regions with the same temporal pattern of hemodynamic signal change. Analysis 

included intensity normalization, two principal component analyses (PCA) concatenated 
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data reduction stages (Calhoun, Adali, Pearlson, & Pekar, 2001; Schmithorst & Holland, 

2004), and estimation of independent components using an algorithm that minimizes the 

mutual information of the network outputs (Bell & Sejnowski, 1995). The final ICA rotation 

was performed on the group of participants’ aggregate data and produced spatial maps and 

timecourses that represented both the spatial and temporal characteristics of each 

component’s “functionally-connected network.” This group solution was used to back-

reconstruct single-subject time courses and spatial maps from the raw data using methods 

that accurately preserved participant-to-participant variability (i.e., GICA3; Erhardt et al., 

2010). The ICA methods are available in a Group ICA of fMRI Toolbox (GIFT v1.3h) 

implemented in Matlab (http://icatb.sourceforge.net). Data dimensionality (number of 

components) was estimated using the minimum description length (MDL) criteria tool in 

GIFT, which suggested that 21 components were present in the data (Li, Adali, & Calhoun, 

2007). ICA solution reliability was assessed using ICASSO (http://www.cis.hut.fi/

projects/ica/icasso) across 100 separate FastICA estimations, where Iq coefficients for the 

components ranged from 0.966 to 0.986. We correlated component maps with an a priori 
grey matter mask and rejected from further consideration any component where the R2 was 

less than 0.15 indicating the voxels in the spatial map were a poor match to normal grey 

matter. As an additional check for component validity, we examined the fractional amplitude 

of low-frequency fluctuations (fALFF) across each component’s timecourse. Non-artifactual 

ICA-identified signals typically have a greater fALFF values at the lowest frequency bins. 

We rejected components where the ratio of low/high bins was less than 3.0.

Group Hypothesis-Testing

Of the 11 components that remained after quality control and inspection for artifacts, one 

clearly depicted both the default mode network and the task-positive network of various 

brain regions often engaged during cognitively demanding tasks in the same spatial map (see 

Figure 1). Although data-driven ICA can sometimes separate task-negative and task-positive 

systems, it also is common to see them represented together as a single source (i.e., the co-

occurrence reflects frequently described anti-correlation of these systems). The default mode 

was most prominent in this component, with brain regions typically seen engaged for 

cognitive control being co-engaged to a lesser extent, yet anti-correlated to this dominant 

focus. Specifically, these control regions included the frontal eye fields anterior to and 

including precentral gyri bilaterally, as well as proximal supplemental motor area cortex on 

both the lateral and medial surfaces of the brain, cingulate gyrus (BA 24), and bilateral 

caudate. Inspection of these regions (see Supplemental Figure 1) shows a close 

correspondence with several bilateral middle and superior frontal gyri regions, left insula, 

and left putamen found to be anti-correlated with ventral precuneus in prior reports that used 

seed-voxel connectivity methods (Zhang & Li, 2012). Correlation of each network with 

intrinsic connectivity networks described in the Stanford FINDLAB’s database (Shirer, 

Ryali, Rykhlevskaia, Menon, & Greicius, 2012) found the strongest correlation to the 

Default Mode Network and Executive Control Networks. Though visual inspection shows 

the latter is not an exact fit, the component did contain elements of several different intrinsic 

connectivity networks linked to cognitive control (Laird et al., 2011; Power et al., 2011). 

Thus, this was the component we selected for subsequent hypothesis testing.
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Each participant’s spatial map was entered into an SPM12 factorial ANOVA, which 

contrasted HD and MDD diagnoses in a 2 (HD, yes or no) × 2 (MDD, yes or no) design. 

This procedure uses restricted maximum likelihood estimation to control properly-

partitioned error variance across study groups for accurate inference of all main and 

interaction effects. Voxels in the map that have greater or lesser values for any factor in the 

model (e.g., HD diagnosis) can be interpreted as having stronger or weaker connectivity to 

the entire network. For instance, if a regional decrease in connectivity is found, that brain 

region has less connectivity. If this occurs in a task-negative default mode region, the most 

straightforward interpretation is that it is integrated with other default mode regions. 

However, it also is accurate to extend the context with the realization that it is probably less 

anti-correlated with the task-positive regions as well. Multiple comparisons controlling for 

searching the entire brain volume were implemented using a clusterwise inference 

framework (Forman et al., 1995) requiring both a cluster-determining threshold (CDT) of p 
< .005 (Cox, Chen, Glen, Reynolds, & Taylor, 2017) and extent thresholds to be surpassed 

for results to be considered significant at a “whole brain” p < .05 level of significance. To 

address recent concerns that this inference method can inflate false positive rates (Eklund, 

Nichols, & Knutsson, 2016), we used updated AFNI code that corrected for inaccurate 

search volume space “edge effects” and a new method to estimate noise smoothness with a 

non-Gaussian spatial autocorrelation function (ACF). ACF parameters were determined 

using AFNI’s 3dFWHMx function, using input from SPM’s estimates of the smoothness of 

the noise, not the statistical images themselves. A cluster extent threshold of 30 voxels (810 

mm3) corresponded to p < .05 error rate control. To help judge the magnitude of the group 

differences that survived Type I error rate control, Cohen’s d effect sizes for each reported 

finding are included. Anatomical localization was assisted using anatomical atlases 

(Eickhoff et al., 2005). To decompose the interaction effects, we conducted post hoc 
pairwise comparisons between groups. To control for multiple comparisons in these post hoc 
tests, we used a Bonferroni correction; .05/6 (number of individual comparisons per ROI) = .

008 α level.

Results

Table 2 lists brain regions for which there was a main effect of HD along with effect size 

estimates of the magnitude of group differences. Patients with HD had significantly lower 

functional connectivity in left superior orbital/rectal gyri, left and right caudate nuclei, left 

and right middle frontal gyrus, and left superior frontal gyrus. In our ICA solution, all these 

regions were functionally integrated into the task-positive cognitive control network, 

indicating lower connectivity between these regions and the “task positive” cognitive control 

component. The HD group also had lower connectivity in left cuneus, which is functionally 

connected to the cognitive control network, indicating lower connectivity with the “task 

positive” component. The HD group had significantly greater connectivity in left fusiform 

gyrus and precuneus, which are functionally connected to the default mode network, 

indicating greater connectivity with the “task negative” default mode network component.

Replicating extensive prior research, participants diagnosed with MDD differed from those 

without MDD, with large effect sizes (see Table 3). Patients with MDD showed significantly 

lower functional connectivity in nodes of the cognitive control network, i.e., left middle and 

Levy et al. Page 7

J Psychiatr Res. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inferior frontal gyri and angular gyrus. They also showed significantly higher connectivity in 

right caudate nucleus. Outside of the typical task-positive network, MDD also showed lower 

connectivity of left cuneus in the visual system. For the default mode network, the MDD 

group demonstrated higher precuneus connectivity.

Table 4 presents the interaction results and effect sizes that depict how HD-specific or 

MDD-specific connectivity findings were modified in the presence of the other diagnosis. 

For regions known to be engaged for cognitive control processes, there were negative 

interactions in rectal gyri, mid-cingulate, left superior parietal lobule, and right IPL/IPS. Post 
hoc testing showed that the strongest differences were for bilateral gyrus rectus, where the 

differences between HD-only and HC drove the interaction effect (see Figure 2). For regions 

within or often found connected to the default mode network, there were positive 

interactions in left superior medial gyrus, precuneus, and cerebellum and negative 

interactions in left calcarine gyrus and right cuneus. Post hoc pairwise comparisons revealed 

significant differences between the MDD and HD+MDD groups in the superior medial 

frontal gyrus (see Figure 3), but no other group differences between the HD+MDD group 

and the other groups were observed.

Discussion

The purpose of this study was to examine resting-state functional connectivity in HD-only 

patients, MDD-only patients, co-occurring HD and MDD patients, and control participants 

without psychiatric disorders to answer two questions. First, we wanted to learn whether or 

not functional connectivity abnormalities could be detected in patients diagnosed with HD 

during unstructured rest (i.e., not in response to symptom provocation). The results clearly 

showed resting-state functional connectivity abnormalities in the HD group. If one considers 

all the HD connectivity abnormalities found across the whole brain, what emerges is a 

profile of diminished connectivity of several cingulo-opercular network regions involved in 

salience detection and error/conflict processing and of a handful of subcortical regions with 

functionally-specialized information processing that seems directly relevant to HD – 

decision-making/valuation (orbitofrontal; Tobia et al., 2014), remote memory (posterior 

hippocampus; Poppenk, Evensmoen, Moscovitch, & Nadel, 2013), contextual memory 

representation (anterior parahippocampal gyrus; Baumann & Mattingley, 2016), and 

executive function as well as classification learning in the presence of rewarding reinforcers 

(caudate; Pauli, O’Reilly, Yarkoni, & Wager, 2016; Seger & Cincotta, 2005). At the same 

time, HD showed over-connectivity relative to non-HD of numerous lateral surface 

prefrontal cortex regions, bilateral precuneus, visual cortex, and cerebellum.

On the one hand, these findings contribute to a growing literature on neurobiological 

mechanisms of HD that implicate the cognitive control network. For instance, in 

nonneuroimaging studies of cognitive abnormalities, patients with HD have shown deficits 

in tests of attention and task switching (Ayers et al., 2013), pointing to the potential 

importance of the cognitive control network in HD symptomatology. Also, prior analyses of 

fMRI data from the same sample of HD patients found activation abnormalities in cognitive 

control regions during both symptom provocation (Tolin et al., 2012) and successful 

response inhibition (Tolin et al., 2014). It is noteworthy that we found increased resting-state 
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functional connectivity in some regions of the cognitive control network among HD patients, 

as during rest these regions are typically deactivated as the DMN is engaged (Ceko et al., 

2015). This opens the door to considering models in which HD might be characterized by 

abnormal intrusion of cognitive processes into relaxed, non-task-driven states.

On the other hand, most of these HD connectivity abnormalities were not found in regions 

considered to be “core” and most-frequently studied cognitive control or DMN regions. A 

focus on the central regions of these networks highlights the over-connectivity of bilateral 

precuneus we found in HD. The precuneus is believed to be part of a hippocampal-parietal 

memory network reliably linked to recollection of previously studied information (Raichle, 

2015). The precuneus and its inter-connected brain regions are involved in autobiographical 

recall, self-reflection, and consciousness (Cavanna & Trimble, 2006). It could be that over-

connectivity in these regions may cause self-reflective thoughts to intrude into consciousness 

and lead to distractibility and difficulty sustaining attention, which are cognitive 

disturbances that have been observed in HD patients (Grisham, Brown, Savage, Steketee, & 

Barlow, 2007; Hartl, Duffany, Allen, Steketee, & Frost, 2005; Tolin & Villavicencio, 2011). 

Of course, our interpretations of these findings are merely speculative and must be 

confirmed by future experimental manipulations.

Our second objective was to bolster the emerging theoretical model that HD neural 

abnormalities are distinctly different from those found in other frequently comorbid 

psychiatric disorders (i.e., MDD). We found several brain connectivity abnormalities in the 

HD group that were not observed in the other study groups, suggesting that HD is indeed 

characterized by a unique neurobiological profile. Similarly, the strongest differences from 

pairwise comparisons of the four study groups in cognitive control brain regions that had 

significant interactions between the HD and MDD factors primarily implicated differences 

between non-depressed HD and non-HD. The HD profile discussed above was qualitatively 

different from MDD connectivity abnormalities. Consistent with meta-analytic results of 

MDD resting state connectivity studies (Kaiser et al., 2016), we found reduced connectivity 

within the frontoparietal task-positive network in the MDD group. We also found decreased 

connectivity in the visual processing cortex in MDD patients, which has been highlighted in 

other meta-analytic reviews of MDD connectivity research (Zhong et al., 2016). The 

consistency of our MDD findings with those from prior studies increases confidence that our 

sampling and analytic approach produced credible results, despite a small sample size. It 

also is noteworthy that the effect sizes for the various MDD vs. non-MDD differences were 

of similar magnitude to the HD vs. non-HD differences (all were “large” Cohen’s d effect 

sizes). We also found several interactions between HD and MDD, suggesting comorbid HD 

and MDD may be associated with unique brain abnormalities compared to having only one 

of these disorders. These interaction results not only identified several instances in which 

having both HD and MDD accentuated regional connectivity deficits in the default mode or 

closely connected regions with similar signal change profiles (e.g., right precuneus and 

visual cortex), but also some examples where comorbidity diminished or even normalized 

connectivity in the cognitive control network (e.g., gyrus rectus and caudate). Most post hoc 
comparisons between the HD+MDD group and the other groups were not statistically 

significant. Thus, simple conclusions about the neurobiology of HD+MDD patients seems 
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premature, and further study is warranted to better understand the unique profiles of neural 

dysfunction in these patients.

The current study is not without limitations. First, this was a small sample with low cell 

sizes for certain groups (e.g., MDD group, n = 8). Because we chose to use statistical 

corrections for Type I error across the entire brain, it is likely that we could only detect the 

largest group differences in hemodynamic activity. However, given the novel nature of the 

study and the absence of highly theory-driven predictions, we think our approach was 

justified. Given the small sample size, we intended for this study to be a preliminary look at 

the potential differences between HD and MDD at the neurobiological level to guide future 

neurobiological model conceptualization and testing (Carter, Lesh, & Barch, 2016). These 

results await replication and extension in larger and more diverse HD samples, and our work 

on this is underway. Second, both HD and MDD are heterogeneous disorders in terms of 

presenting symptoms, comorbidities, and current distress and impairment and it will be 

important to characterize these differences on the neural level. Third, although we carefully 

followed recent guidelines about proper clusterwise inference, it is worth noting that the 

extensive simulations that justified our choice of entry threshold were done on activation 

data, not functional connectivity. Due to its multivariate nature, ICA tends to produce data 

where the network structures are larger and more contiguous compared to regional activation 

studies. However, given how our analyses were designed to isolate localized differences in 

regional connectivity, the clusters had the same approximate size and thus this issue is 

unlikely to have impacted the inference framework we used. Fourth, MDD group 

participants were not specifically evaluated for HD, so we cannot rule out the possibility that 

some patients in this group met criteria for HD. However, given the small sample size of 8 

patients in this group, this seems unlikely. Fifth, there were some differences with respect to 

psychiatric medications in the clinical groups, which may have affected our findings. We 

were missing data on education level for some of the HC participants (n = 7); we had 

complete education data for all clinical groups. Finally, although the ICA approach seemed 

an appropriate place to start for a small initial study such as this one, future connectivity 

research in HD might benefit from employing alternative techniques that can isolate various 

specific brain networks or examine specific connectivity-related features of those systems. 

Based on our findings and those of prior studies (Tolin et al., 2012), cognitive control-related 

networks should be a primary area of focus in future work. Recent research has already 

shown the topological and functional distinctiveness of many such intrinsic connectivity 

networks [e.g., cingulo-opercular, dorsal and ventral attention, and frontoparietal executive 

networks (Power et al., 2011)]. It will be important to establish whether or not there are links 

between network-related abnormalities in these various specific neural systems and HD-

linked executive dysfunction that is emerging from our and other investigators’ research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
For main effects of Hoarding or Major Depressive Disorder diagnosis (top and middle), red-

yellow represents less functional connectivity in the each diagnostic group compared to 

participants without the diagnosis, while blue-scale represents more connectivity, as listed in 

Tables 1 and 2. For interaction effects (bottom), red-yellow and blue-scale colors were 

arbitrarily chosen to represent the negative and positive interaction effects of the two 

diagnostic groups (Table 3).

Levy et al. Page 15

J Psychiatr Res. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Group differences in functional connectivity for regions in the cognitive control network 

depicted in the component. HD = Hoarding disorder group. MDD = Major depressive 

disorder group. HD+MDD = Comorbid hoarding disorder and major depressive disorder 

group. HC = Healthy control group. PL = Parietal lobule. SG = Supramarginal gyrus. IPL = 

Inferior parietal lobule. IPS = Superior parietal lobule. Error bars represent standard errors.

*p < .008 (Bonferroni-corrected α)
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Figure 3. 
Group differences in functional connectivity for regions in the default mode network 

depicted in the component. HD = Hoarding disorder group. MDD = Major depressive 

disorder group. HD+MDD = Comorbid hoarding disorder and major depressive disorder 

group. HC = Healthy control group. SMFG = Superior medial frontal gyrus. Error bars 

represent standard errors.

*p < .008 (Bonferroni-corrected α)
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Table 2.

Functional connectivity differences between participants with and without Hoarding Disorder. The table lists 

peak coordinates of group difference for clusters surpassing a cluster-determining threshold of 30 voxels (810 

mm3) corresponding to p < .05 “whole brain” correction for multiple comparisons. Cohen’s d effect sizes for 

each region also are listed.

Max Peak x, y, z t Cluster size (voxels) d

Non-Hoarding Disorder > Hoarding Disorder

 Left insula −26, 20, −2 3.72 49 1.06

 Left superior orbital/rectal gyri 4, 40, −12 3.43 81 0.98

 Right mid-cingulate gyrus 4, −32, 58 4.37 120 1.25

 Right hippocampus (posterior) 12, −38, 14 3.41 74 0.97

 Left fusiform gyrus/Cerebellum VI −24, −78, −10 3.47 30 0.99

 Left parahippocampal gyrus/amygdala −23,−8, −24 3.48 30 0.99

 Left cuneus −6, −92, 20 4.82 51 1.38

 Left caudate nucleus −12, 14, 2 3.62 38 1.03

 Right caudate nucleus 10, 14, 0 4.76 106 1.36

 Left thalamus (temporal) −4, −32, 16 4.05 56 1.16

 Brainstem 2, −28, −36 5.13 88 1.47

Non-Hoarding Disorder < Hoarding Disorder

 Left middle frontal gyrus −34, 6, 62 4.50 33 1.29

 Left superior frontal gyrus −22, 22, 44 3.38 30 0.97

 Right middle frontal gyrus 40, 10, 44 4.29 55 1.23

 Right insula/pars triangularis 36, 14, 18 4.21 75 1.20

 Right superior middle frontal gryus −6, 37, 6 3.45 55 0.99

 Left precuneus −14, −42, 64 3.75 55 1.07

 Right precuneus 8, −70, 28 4.13 41 1.18

 Left fusiform gyrus/hippocampus −36, −46, 0 4.95 91 1.41

 Left middle occipital gyrus −34, −82, 36 4.76 49 1.36

 Right middle occipital gyrus 38, −74 42 3.55 38 1.01

 Left cerebellum −8, −52, −2 3.51 30 1.00

 Cerebellar vermis 4, −44, −18 3.92 32 1.12
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Table 3.

Functional connectivity differences between participants with and without Major Depressive Disorder. The 

table lists peak coordinates of group difference for clusters surpassing a cluster-determining threshold of 30 

voxels (810 mm3) corresponding to p < .05 “whole brain” correction for multiple comparisons. Cohen’s d 
effect sizes for each region also are listed.

Max Peak x, y, z t Cluster size (voxels) d

Non-Major Depressive Disorder > Major Depressive Disorder

 Left middle frontal gyrus −26, 4, 54 4.09 36 1.17

 Left inferior frontal gyrus (pars opercularis) −50, 12, 24 3.96 31 1.13

 Right angular gyrus 32, −60, 42 3.89 56 1.11

 Left cuneus −16, −70, 26 3.52 67 1.01

 Left cerebellum (Crus 1) −34, −60, −28 4.25 50 1.21

Non-Major Depressive Disorder < Major Depressive Disorder

 Left precuneus −12, −48, 10 3.82 46 1.09

 Right caudate nucleus/superior orbital gyrus 18, 20, 0 3.57 43 1.02
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Table 4.

Brain regions that showed an interaction between Hoarding Disorder and Major Depressive Disorder 

diagnoses. The table lists peak coordinates of group difference for clusters surpassing a cluster-determining 

threshold of 30 voxels (810 mm3) corresponding to p < .05 “whole brain” correction for multiple comparisons. 

Cohen’s d effect sizes for each region also are listed.

Max Peak x, y, z t Cluster size (voxels) d

Positive Interaction

 Left superior medial gyrus −10, 42, 24 3.67 38 1.05

 Left mid-cingulate gyrus −20, −48, 60 4.41 73 1.26

 Left/Right precuneus and left calcarine gyrus 4, −70, 28 3.26 63 0.93

 Right superior temporal gyrus/hippocampus 40, −32, −2 3.80 92 1.09

 Right cerebellum (VIII) 30, −48, −46 4.87 44 1.39

Negative Interaction

 Right/left rectal gyri 4, 40, −10 4.23 59 1.21

 Left superior parietal lobule/postcentral gyrus −38, −48, 62 3.73 39 1.07

 Right supramarginal gyrus (IPL/IPS) 52, −40, 50 4.92 68 1.41

 Left calcarine gyrus −14, −58, 12 3.55 67 1.01

 Right cuneus 12, −88, 24 3.72 41 1.06

 Right parahippocampal gyrus 20, −16, −20 3.11 30 0.89

IPL = Inferior parietal lobule. IPS = Superior parietal lobule.
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