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Abstract

We examined differences in regional brain activation during tests of executive function in
individuals with Hoarding Disorder (HD), Obsessive Compulsive Disorder (OCD), and healthy
controls (HC) using functional magnetic resonance imaging (fMRI). Participants completed
computerized versions of the Stroop and Go/No-Go task. We found that during the conflict
monitoring and response inhibition condition in the Go/No-Go task, individuals with HD had
significantly greater activity than controls in the anterior cingulate cortex (ACC) and right
dorsolateral prefrontal cortex (DLPFC). HD also exhibited significantly greater right DLPFC
activity than OCD. We also observed significant differences in activity between HD and HC and
between HD and OCD in regions (ACC, anterior insula, orbitofrontal cortex (OFC), and striatum)
involved in evaluating stimulus-response-reward associations, or the personal and task-relevant
value of stimuli and behavioral responses to stimuli. These results support the hypothesis that
individuals with HD have difficulty deciding on the value or task relevance of stimuli, and may
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perceive an abnormally high risk of negative feedback for difficult or erroneous cognitive

behavior.
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Neuroimaging; fMRI; Stroop; Go/No-go; conflict monitoring; response inhibition; hoarding

disorder

1. Introduction

Hoarding Disorder (HD) is defined in the DSM-5 as an extreme and persistent inability to
discard objects, regardless of their utility, often, but not always, accompanied by excessive
acquisition of unneeded items (American Psychiatric Association, 2013). These behaviors
lead to such excessive clutter that living or work spaces become nearly or completely
unusable, resulting in severe functional impairment (Frost and Hartl, 1996; Steketee and
Frost, 2003; Tolin et al., 2008). Severe hoarding can impair one’s ability to meet such basic
needs as sleeping and personal hygiene, put serious mental and emotional strain on
important personal relationships, and create financial and legal risks (e.g., excessive
spending and eviction) (American Psychiatric Association, 2013). Hoarding behaviors can
also lead to serious health and safety hazards, as they have been associated with increased
risk of fires, falls, infestation, disability, and mortality (Frost et al., 2000; Frost et al., 1999;
Saxena, 2007; Steketee and Frost, 2003).

HD is often characterized as an inability to make decisions regarding the categorization and
discarding of possessions (Frost and Hartl, 1996; Grisham et al., 2010; Tolin et al., 2008;
Tolin et al., 2012; Wincze et al., 2007), leading to the hypothesis that HD might be caused
by underlying deficits in the executive functions that mediate decision making and other
cognitive processes (Tolin et al., 2012). Individuals with hoarding behaviors exhibit deficits
on measures of executive function such as categorization, set-shifting (Ayers et al., 2013;
Mackin et al., 2011; Mackin et al., 2016; McMillan et al., 2013; Morein-Zamir et al., 2014),
and sustained attention and inhibition (Blom et al., 2011; Raines et al., 2014; Tolin et al.,
2011). In several studies, the severity of these executive function deficits was associated with
the severity of hoarding symptoms (Ayers et al., 2013; Raines et al., 2014; Tolin et al.,
2011), although the data are not always consistent across studies (Grisham et al., 2010; Tolin
etal., 2011).

These executive functions are mediated by frontal brain regions, including the dorsolateral
prefrontal cortex (DLPFC), ventromedial prefrontal cortex (VMPFC), anterior cingulate
cortex (ACC), and orbitofrontal cortex (OFC) (Alvarez and Emory, 2006), and abnormalities
or differences between groups in the activity of these brain regions can be investigated using
neuroimaging techniques. While HD often co-occurs with obsessive-compulsive disorder
(OCD) (Saxena, 2007; Steketee and Frost, 2003), HD and OCD appear to have separate
etiologies and outcomes, as evidenced by disparate genetic contributions, ages of onset,
comorbidities, and treatment responses (Mathews et al., 2014; Miguel et al., 2005; Saxena,
2008; Steketee and Frost, 2003; Tolin et al., 2014). However, hoarding was until recently
classified as a subtype of OCD, and therefore most studies of the pathophysiology of
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hoarding, including neuroimaging studies, have focused on individuals with primary OCD
and co-occurring hoarding symptoms (Alvarenga et al., 2012; Gilbert et al., 2008; Harrison
et al., 2013; Mataix-Cols et al., 2004; Valente et al., 2005). Only a few neuroimaging studies
have examined individuals with OCD+HD (An et al., 2009; Saxena et al., 2004; Tolin et al.,
2009), and only two have directly compared HD to OCD (Tolin et al., 2012; Tolin et al.,
2014).

Of the studies examining HD (with or without co-occurring OCD) rather than hoarding
symptoms or dimensions in OCD, all but one (Tolin et al., 2014) examined brain activation
patterns while participants completed or viewed a discarding task (An et al., 2009; Saxena et
al., 2004; Tolin et al., 2009; Tolin et al., 2012). In functional magnetic resonance imaging
(fMRI) studies that used discarding tasks, multiple brain regions were identified that
differentiated individuals with hoarding symptoms and those without. These include the
anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), caudate, thalamus, posterior
cingulate gyrus, ventromedial prefrontal cortex (VMPFC), insula, inferior temporal gyrus,
cerebellum, inferior parietal lobe and/or precuneus, parahippocampus, fusiform gyrus, and
inferior, superior and medial frontal gyri (An et al., 2009; Saxena et al., 2004; Tolin et al.,
2009; Tolin et al., 2012). As can be seen by the long list of brain regions potentially
implicated in hoarding and the lack of consistency regarding patterns of activation (e.qg.,
increased vs. decreased), additional work is necessary to more definitively elucidate the
neural basis of this complex disorder. Some inconsistencies may be accounted for by
methodological differences, such as differences in imaging modalities (e.g., PET vs. fMRI);
the study of dimensional hoarding symptoms in OCD rather than in individuals with HD;
examination of previously identified regions of interest rather than whole brain analyses; and
the use of discarding tasks that, while requiring decision-making, are designed to simulate
complex emotional hoarding symptoms rather than tasks that tap into discrete non-emotional
executive functions. Only one published study, by Tolin et al. (2014), examined patterns of
brain activation in individuals with HD, OCD, and healthy controls (HC) during a non-
emotional task of executive function. In this study, during response inhibition elicited by a
Go/No-Go task, individuals with HD had elevated right precentral gyrus activity and reduced
left middle frontal gyrus activity compared to HC, while individuals with OCD (but not HD)
had elevated OFC activity. However, this study did not conduct a whole brain analysis, but
only examined a limited number of regions of interest for HD, leaving open the possibility
that other, unexamined brain regions also are relevant in HD pathophysiology.

Thus, the aim of this study was to expand on previous work, including that by Tolin et al.
(2014), by examining differences in activation across the whole brain during emotionally
neutral executive function tasks that assess error processing, conflict monitoring and
response inhibition in individuals with HD, OCD and healthy controls using fMRI. A recent
event-related potential study by our group found significant amplitude reduction of the error-
related negativity (ERN) in response to errors committed during a flanker task in HD
participants when compared to both HC and OCD participants, suggesting that deficiencies
in error processing may be a key pathophysiological feature that distinguishes HD from
OCD (Mathews et al., 2016). Error monitoring involves the detection of conflict between
intended and executed responses (Dehaene et al., 1994; Gehring et al., 1993; Falkenstein et
al., 1991), and it has been shown that the ACC and DLPFC are involved in both error
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monitoring and more general monitoring of response conflict, especially during tasks that
require subjects to overcome prepotent response tendencies (Barber and Carter, 2005; Carter
et al., 1998; Botvinik et al., 1999; Botvinick et al., 2001; Carter et al., 2000; Ford, Whitfield,
and Mathalon, 2004; Carter and van Veen, 2007; MacDonald, Cohen, et al., 2000; van Veen
and Carter, 2006; van Veen and Carter, 2002; ) such as the Stroop Color-Word Interference
task (Carter and van Veen, 2007; van Veen and Carter, 2005; van Veen, Holroyd, et al., 2004;
Milham and Banich, 2005; Kerns et al., 2004) and Go/No-Go tasks (Braver et al., 2001;
Menon et al., 2001; Horn et al., 2003; Mathalon et al., 2003; Steele et al., 2013; Steele et al.,
2014; Wager et al., 2005; Garavan et al., 2003). Accordingly, based on our previous findings
of ERN deficits during error processing (Mathews et al., 2016), we hypothesized that HD
participants would show abnormal activation in brain regions associated with error
processing, conflict monitoring, and response inhibition (e.g., ACC, OFC, and DLPFC)
compared to HC and non-hoarding OCD participants.

2. Methods

2.1. Participants

A total of 66 participants were recruited for this study from a larger study of neurocognition
in HD and OCD. The parent study included a full clinical assessment, comprehensive
neuropsychological battery, and electrophysiological (EEG) studies. All participants from
this larger study who met full inclusion/exclusion criteria (as described below) and
consented to participate in the fMRI study were enrolled. Participants were 18 years of age
or older and were recruited through mental health clinics, the Mental Health Association of
San Francisco (MHA-SF), and media advertisements. The study was approved by the
Institutional Review Board at UCSF. All participants provided written informed consent and
were compensated for their participation ($20 per hour, up to a total of $240 for participation
in all elements of the study).

2.1.1. Clinical assessments—All participants were assessed for hoarding symptoms and
HD using the Structured Interview for Hoarding Disorder (SIHD) (Mataix-Cols et al., 2013),
the Saving Inventory, Revised (SI-R) (Frost et al., 2004), the UCLA Hoarding Symptom
Scale (UHSS) (Saxena et al., 2007), and the Clutter Image Rating Scale (CIR) (Tolin et al.,
2007). Obsessive-compulsive symptoms and OCD were assessed using the Yale Brown
Obsessive Compulsive Scale (YBOCS) (Goodman et al., 1989), and the Structured Clinical
Interview for Diagnosis of DSM-1V Axis | Disorders (SCID-I) (First et al., 1996). The SCID
was also used to assess current and past history of other psychiatric disorders, including
mood, anxiety, substance use, and psychotic disorders. Other assessments included the
Obsessive Compulsive Personality Disorder (OCPD) SCID-II module (First et al., 1997), the
Beck Depression Inventory (Beck et al., 1961), and the Beck Anxiety Inventory (BAI) (Beck
and Steer, 1988).

2.1.2. Inclusion/exclusion criteria—With the exception of HD, all psychiatric
diagnoses were assigned blinded to group status according to DSM-IV-TR criteria by two
psychiatrists (CAM and AN) with experience in HD and OCD. HD diagnoses were assigned
using DSM-5 criteria. For all groups, individuals with psychosis, intellectual disability,
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known dementia, active substance abuse, current use of antipsychotic medications, a history
of head trauma with loss of consciousness, or any medical conditions known or suspected to
affect cognitive function were excluded. Participants who had any incompatibility with MRI
(e.g. metal implants or claustrophobia) were also excluded. All participants were asked to

refrain from use of any illicit substances for at least three months prior to their participation.

HD participants were considered eligible for the study if they met DSM-5 criteria for HD.
OCD participants were eligible for the study if they met DSM-IV-TR criteria for OCD
without significant hoarding symptoms, defined as scores of <20 on the SI-R, <10 on the
UHSS, and < 8 on the CIR. Healthy control (HC) participants were included if they did not
have hoarding symptoms (as defined above) or OCD symptoms (YBOCS score of <5). HC
participants were excluded if they had active DSM-IV-TR Axis | diagnoses within the last
year; history of Axis | diagnoses other than OCD and HD were permitted if they were in
remission. HC participants were excluded from the study if they or a first-degree biological
relative were determined to have clinical or subclinical OCD or HD (See Table 1 for a list of
all DSM-IV-TR lifetime diagnoses within the sample). The control group (HC) was selected
to match to the combined patient group (HD + OCD) on gender and education. Because of
substantial differences in age between the HD and OCD groups, we specifically recruited
control participants to match the age distribution of each participant group. As the total
combined control sample did not differ from either the HD or the OCD groups on age,
education, or gender, and in order to maximize the power of the sample, we used the entire
control sample in all analyses, rather than splitting the HC group by age. All participants
were right handed.

Of the 66 subjects who participated in the fMRI component, 57 were included in fMRI
analysis: 15 HD, 17 OCD, and 25 HC. Of the six HC subjects who were excluded, one had a
first-degree relative with HD, two had fMRI data artifacts that precluded the use of their
data, and three were excluded due to fMRI acquisition problems. Three OCD participants
were excluded; of these, one did not meet full criteria for OCD but had subclinical
symptoms, one had co-occurring subclinical hoarding symptoms, and one was excluded due
to fMRI data artifacts. Three of the HD participants included in analysis had co-occurring
subclinical OCD symptoms.

2.2. Measures

Stroop and Go/No-Go computerized tasks were administered during fMRI acquisition. All
visual stimuli were presented on an LCD screen behind the participant’s head, which could
be viewed by the participant through a mirror mounted on the head coil. Subjects who
normally wear glasses were fitted with a pair of MRI-safe prescription glasses (http://
cspmedical.com). Stimulus presentation was performed with Presentation®
(Neurobehavioral Systems, Inc., Berkeley, CA) for the first 13 subjects and E-prime® 2.0
(Psychology Software Tools, Inc., Sharpsburg, PA) for the remaining 44 subjects due to an
institutional change in equipment. All presentation parameters remained the same. Subjects
completed a practice session of each task prior to entering the scanner.
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2.2.1. Go/No-Go Task—The Go/No-Go task was adapted from a paradigm used in prior
studies (e.g. Mathalon et al., 2009). The visual stimuli for the Go/No-Go task consisted of a
random sequence of the letters “X” or “K” (about 3 degrees of visual angle in size), each
presented foveally on a computer display in white font on a black background for a duration
was 100 ms. with an interstimulus interval randomly and uniformly distributed across
intervals of 1000, 1500, and 2000 ms. Eighty percent of the stimuli were “Go” (=X) and
20% of the stimuli were “No-Go” (=K). Subjects were instructed to make a button press
with their right index finger to the “X” and to withhold responses to the “K”. In each Go/No-
Go fMRI acquisition run, 189 letter stimuli were presented. Subjects completed two runs of
the Go/No-Go task (each lasting about 6 minutes), with an approximately 1 minute rest
break between runs. Behavioral data from this task included “Go” reaction time and
accuracy/error rates (i.e., correct response omissions and false alarms).

2.2.2. Stroop Task—The visual stimuli for the Stroop task consisted of the words “red,”
“blue” and “yellow” (about 3 degrees of visual angle in size) presented foveally on a
computer display in red, blue or yellow font on a black background. Subjects were instructed
to make a 3-button forced-choice response to the font color on every trial. Forty percent of
the trials were congruent (the word meaning and font color were the same) and 30% of the
trials were incongruent (the word meaning and font color were different). Thirty percent of
the trials were “null trials” in which no stimulus was presented in order to create randomized
jitter in the inter-stimulus intervals between congruent and incongruent trials. Stimulus
duration was 500 ms. The inter-stimulus interval was 1000 ms. (although on null trials, the
effective inter-stimulus interval was 2500 ms.). Stimulus conditions were randomized. In
each Stroop fMRI acquisition run lasting about 4.5 minutes, 187 trials were presented.
Subjects completed four runs of the Stroop task, with approximately 1-minute breaks
between runs for subjects to rest or communicate with the experimenters. Behavioral data
from this task included mean reaction times to congruent and incongruent stimuli, along
with incongruent and congruent trial accuracy/error rates.

2.3. Behavioral data analysis

Between-group comparisons of task performance (mean response time and error rate) during
the Stroop and Go/No-Go tasks were performed using univariate analysis of covariance
(ANCOVA) on SPSS v.22 (IBM Corp., Armonk, NY), including age and gender as
covariates. Error rates from both tasks were log transformed for normality prior to analysis.
Although accuracy data were available for all participants, Stroop response time data was
not available for four OCD and eight HC participants whose Stroop fMRI data was analyzed
due to acquisition problems.

2.4. fMRI acquisition and processing

A 3.0T Siemens Trio scanner was used with 41 mT/m gradients for fast echo-planar
imaging. Following a localizer series, high-resolution T1-weighted structural images were
obtained. Next, whole brain functional imaging was obtained using an echo-planar pulse
sequence with T2*-weighted images sensitive to blood-oxygenation-level-dependent
contrast (TR=2000 ms., TE=40 ms., flip angle=90°, in-plane resolution=3.75 mm?, slice
thickness=3 mm). Images were prescribed on a mid-sagittal slice parallel to the anterior
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commissure — posterior commissure line. For the Go/No-Go task runs, 193 volumes were
acquired, and for the Stroop task runs, 148 volumes were acquired. Dummy excitations were
excluded from analysis.

2.5. fMRI data analysis

Whole brain statistical analysis of fMRI data was performed using MATLAB (MathWorks,
Inc., Natick, MA) and Statistical Parametric Mapping-8 (SPM8) software (http://
www.fil.ion.ucl.ac.uk/spm/). Before analysis, the functional images were converted to 3-D
Analyze format volumes. Images were corrected for motion (i.e., spatially realigned) using a
six-parameter rigid body affine transformation and corrected for differences in slice
acquisition timing. The resulting images were normalized to a standard stereotaxic space
(Montreal Neurological Institute EPI template using a 12-parameter affine/non-linear
transformation and spatially smoothed with an 8-mm, full-width, half maximum isotropic
Gaussian kernel. Image intensity was scaled to the mean global intensity of the time series.
fMRI data for each subject were analyzed using a general linear model wherein the event
presentation timecourse of each task condition was modeled by a regressor convolved with
SPM’s canonical hemodynamic response function. For the Stroop task, events were modeled
separately for the following conditions: Congruent correct, Incongruent correct, and
Combined errors. Contrasts of interest were performed to compare Incongruent and
Congruent correct trials and to examine Combined error trials. For the Go/No-Go task,
events were modeled separately for the following conditions: Go correct, No-Go correct, Go
incorrect, and No-Go incorrect. Contrasts of interest were performed to compare correct Go
and No-Go trials, and to compare incorrect No-Go trials to an implicit baseline. For each
task, second-level random-effects analyses were performed to examine these contrasts
within and between the three groups. Age and gender were included as covariates.
Additional regressors were included to model x, y, z displacements and pitch, roll, and yaw
motion correction parameters as covariates. Each of these analyses was performed voxel-
wise over the whole brain. Activation was considered significant at p<0.001 (uncorrected for
multiple comparisons) with a minimum cluster size of 20 contiguous voxels. Cluster-extent
based thresholding was used to correct for multiple comparisons (Woo et al., 2014).

Go/No-Go fMRI data were analyzed for 54 participants: 15 HD, 17 OCD, and 22 HC. Three
HC participants’ scans were excluded from fMRI analysis of this task due to excessive
motion or poor signal-to-noise ratio. Stroop fMRI data was analyzed for 51 participants: 13
HD, 14 OCD, and 24 HC participants. Two HD, three OCD, and one HC participants’ scans
were excluded from fMRI analysis of this task due to excessive motion or poor signal-to-
noise ratio.

3. Results

3.1. Sample description

There were no significant differences in gender, ethnicity, or education between the three
groups, although the HD group had proportionately more female participants than the other
groups (Table 2). As noted, the HC group was not significantly different in age compared to
the HD (p=0.157) and OCD (p=0.188) groups. When compared to controls, both the HD and
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OCD groups had higher use of psychotropics (p=0.040 and <0.001, respectively) (Table 2);
this difference was primarily due to antidepressant use (primarily selective serotonin
reuptake inhibitors) among the HD and OCD participants (p=0.036 and <0.001,
respectively), and to higher rates of benzodiazepine use in HD compared to HC (p=0.036).
Additionally, the OCD group had higher antidepressant use when compared to HD
(p=0.031). The HD and OCD groups did not differ in ratings of depression (BDI; p=0.568)
or anxiety (BAI; p=0.709); as expected, the HC group had significantly lower BDI and BAI
scores in comparison to HD (p=0.008 and 0.005, respectively) and OCD groups (p=0.014
and 0.048, respectively) (Table 2).

3.2. Behavioral data

When controlling for age and gender, there were no significant between-group differences in
mean response time during incongruent and congruent trials of the Stroop task
(F[2,34]=0.735, p=0.487), errors during incongruent and congruent trials of the Stroop task
(F[2,46]=0.582, p=0.563), or errors of commission (i.e., false alarm button presses to No-Go
stimuli) during the Go/No-Go task (F[2,49]=0.494, p=0.613). Mean response time for
correct “hits” during the Go/No-Go task was significantly different between groups
(F[2,49]=4.180, p=0.021). Bonferroni post-hoc analyses revealed a significant difference
between the HD and OCD groups (p=0.022); there were no differences between HC and
OCD (p=0.093) or HC and HD groups (p=0.833). (See Table 3 for means and standard
deviations for each group). The reaction time of Stroop incongruent trials was significantly
slower than congruent trials, across all groups (p<0.001).

3.3. fMRI results

3.3.1. Conflict processing and response inhibition—During correct conflict
processing and response inhibition on the Go/No-Go task (No-Go trials relative to Go trials),
HD participants had greater activity in the ACC, right VLPFC, bilateral OFC, right striatum,
and left temporal parietal junction (TPJ) than did HC participants (Table 4, Figure 1). OCD
participants did not differ from HC participants. When we compared HD to OCD, HD
participants also had greater activity in the right DLPFC, right insula, right visual cortex,
and right cerebellum relative to OCD participants (Table 4, Figure 2).

During conflict processing on the Stroop task (incongruent trials relative to congruent trials),
HD participants had greater activity than HC participants in the right premotor cortex and in
right primary visual cortex (Table 4). OCD participants did not have significantly different
activation patterns than HC participants. When HD and OCD participants were compared,
OCD participants had greater activity in the medial PFC than did HD participants (Table 4).

3.3.2. Error processing—During No-Go error trials on the Go/No-Go task (relative to an
implicit baseline), HD had greater activity than control participants in the left OFC, right
insula and striatum, visual cortex, and in mid and posterior cingulate cortex (Table 4, Figure
3). OCD participants had greater activity than HC participants in the right DLPFC and right
supramarginal gyrus (parietal cortex) (Table 4). Compared to OCD participants, HD had
greater activity in the bilateral striatum and right VLPFC (Table 4, Figure 4).
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HD participants had greater activity in the supplementary motor area (SMA) and right
somatosensory cortex than HC participants in response to errors on the Stroop task (Table
4). There were no significant differences in brain activation patterns between OCD
participants and HC participants in response to errors, or between HD and OCD participants.

4. Discussion

We examined differences in regional brain activation during conflict monitoring and
processing and during error processing in individuals with HD, individuals with non-
hoarding OCD, and HC participants. Our overarching theory is that HD is associated with
core deficits in executive function (specifically, with abnormal self-monitoring and impaired
error processing) and that these deficits are distinct from the cognitive dysfunction observed
in OCD. Thus, in this study, we hypothesized that HD participants would show abnormal
activation in brain regions associated with error processing and conflict monitoring (e.g.,
ACC, OFC, and DLPFC) compared to HC, and abnormal activation in the ACC relative to
OCD participants. While we did find distinct differences in DLPFC and OFC, for HD
relative to OCD participants, we did not find the differences in the ACC between HD and
OCD participants that we hypothesized.

Specifically, we found that, during the conflict monitoring and response inhibition condition
in the Go/No-Go task (No-Go trials relative to Go trials), individuals with HD had
significantly greater activity than HC in the ACC and right DLPFC, although not in the
OFC. HD also had significantly greater right DLPFC (but not ACC) activity than OCD.
During error trials, there were no significant differences between groups in these regions.
Although there are important limitations to this study (described further below), our results
are in line with previous studies showing increased activation in these brain regions in
individuals with hoarding symptoms (An et al., 2009; Saxena et al., 2004; Tolin et al., 2009;
Tolin et al., 2012) with the results of our neuropsychological and electrophysiological
studies of HD (Mackin et al., 2016; Mathews et al., 2016), and with our overarching theory
of HD as described above.

Interestingly, although an electrophysiological measure of error monitoring, the error related
negativity (ERN) was reduced in our HD participants relative to OCD and control
participants (Mathews et al., 2016), and thus, we would have predicted decreased activation
in the ACC, instead we saw increased activation for HD participants in the DLPFC relative
to HC and OCD participants during error trials. In line with this finding, Mathalon et al.
(2009) also found a reduced ERN but increased activation in the DLPFC and in the ACC in
participants with schizophrenia. They suggest that the ERN may in fact be a more sensitive
measure of error monitoring than brain activation patterns during the same task, in part
because of the temporal precision of EEG-based event related potentials compared to fMRI
(Mathalon et al., 2009).

In addition to activation abnormalities in executive control regions during the conflict and
error conditions, we observed significant differences in activity for HD in comparison to HC
and OCD in regions that contribute to the “salience” network/regions involved in evaluating
stimulus-response-reward associations, or the personal and task-relevant value of stimuli and
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behavioral responses to them (ACC, anterior insula, OFC, striatum) (Craig, 2009; Etkin et
al., 2011; Seeley et al., 2007). The salience network does not directly perform task-based
attention and conflict monitoring and error processing per se, but appears to be the system
that links cognitive processing to the reward system and determines the value or personal
consequence of behavior, including cognitive behavior (e.g., responses on emotionally
neutral cognitive tasks) (Bressler and Menon, 2010). In individuals with HD, regions of this
salience network were hyperactive during cognitive conflict and error conditions (ACC,
OFC, right anterior insula, and striatum compared to HC; bilateral anterior insula, striatum,
and right VLPFC/OFC compared to OCD), even when there was no direct personal
consequence of behavior performance (subjects were not rewarded for correct performance).

An et al. (2009) also reported hyperactivity in the OFC during an fMRI task in which HD
subjects made discarding decisions about photos of common objects, and Tolin et al. (2012)
reported that HD subjects had increased fMRI activity in the ACC and bilateral insula when
making decisions about discarding possessions (An et al., 2009; Tolin et al., 2014). In
conjunction with our findings, these results are consistent with the hypothesis that
individuals with HD have difficulty deciding on the value or task relevance of stimuli, and
may perceive an abnormally high risk of negative feedback for difficult cognitive tasks, or
for commission of errors on these tasks.

Somewhat unexpectedly, we also found increased activity among individuals with HD in
visual regions (right visual cortex and right fusiform cortex) during conflict tasks. Saxena et
al. (2004) also reported abnormal PET glucose metabolism in the occipital cortex associated
with hoarding in OCD, and An et al. (2009) reported a negative correlation between
hoarding and brain activation in the visual association area (An et al., 2009; Saxena et al.,
2004). We have previously reported that HD subjects have deficits in visual categorization
and visual (but not verbal) learning and memory (Mackin et al., 2011; Mackin et al., 2016).
These differences in visual cortex activity between HD and HC subjects suggest that visual
processing deficits (specifically, inefficiencies in visual processing) may contribute to the
abnormal responses to visual stimuli in the executive and salience systems in our
participants. The findings that brain activation patterns in visual cortex also distinguish HD
from OCD participants suggest that abnormalities in visual processing may be a unique
feature of HD.

We also observed significant differences in activity between groups in motor regions. During
Stroop conflict situations, HD had significantly greater activity than HC in the right
premotor cortex; during Go/No-Go conflict, HD had significantly greater activity than OCD
in the left premotor cortex; and during Go/No-Go errors, HD had significantly greater
activity than HC in the right SMA and right sensory/motor cortex. While unexpected, these
activity differences in motor regions are not unprecedented. Saxena et al. (2004) reported
increased PET activity in OCD with hoarding symptoms relative to controls in the right
sensory motor cortex (Saxena et al., 2004). Tolin et al. (2012) found that HD had reduced
fMRI activity in the left fusiform when making decisions about discarding personal items,
relative to controls, and Tolin et al. (2014) found that HD had reduced fMRI activity in the
right precentral cortex during a Go/No-Go task, relative to controls (Tolin et al., 2014).

Psychiatry Res. Author manuscript; available in PMC 2017 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hough et al.

Page 11

While we do not yet understand the relevance of these findings, these regions should be
further examined in future studies.

4.1. Limitations

There are several important limitations to this study. The biggest limitation is the sample
size. After excluding participants for artifact, each disease group consisted of between 12
and 15 individuals, while the control group comprised 21 individuals. The groups also
differed in terms of age, rates of psychotropic use, lifetime psychiatric history, current
anxiety and depressive symptoms, and, although not statistically significant, gender
distribution. Although we controlled for age and gender in all analyses, we did not control
for the other potentially confounding variables, due to the small sample sizes. While we
found differences among the groups with this sample size and used a cluster-based analysis
to minimize type | error, it must be noted that we did not correct for multiple comparison
testing in whole brain analysis, and our findings would not survive stringent correction for
multiple comparisons. Therefore, our results must be considered to be preliminary only,
requiring replication in in well-matched, sufficiently powered samples.

4.2. Conclusions

Although preliminary, our data provide additional evidence to support the distinction
between HD and OCD as neurobiologically distinct disorders. As hypothesized, we found
evidence that brain regions involved in response conflict and error processing are
abnormally active (hyperactive) in HD. Our results also suggest that brain regions involved
in the salience network may be hyperactive in HD; although some of these regions (e.g., the
insula) have been previously identified in neuroimaging studies of hoarding, the importance
of the salience network has not, to our knowledge, been discussed as being relevant in HD.
Finally, we found evidence of inefficient visual processing in HD, aligning with our data
from neuropsychological and electrophysiological studies, as well as evidence of increased
activation in motor regions.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. We compared fMRI during executive function tasks in hoarding (HD),
OCD, and controls.

. HD had differences in regions involved in executive function and visual
processing.

. HD had increased brain activity during conflict monitoring/response
inhibition.

. HD had differences in salience network, which determines value/

consequence of action.
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Figure 1.
Activity during conflict monitoring and processing (No-Go > Go conditions) on the Go/No-

Go task. Activity is significantly greater in individuals with Hoarding Disorder than in
Healthy Controls in bilateral Orbitalfrontal Cortex (OFC), Anterior Cingulate Cortex (ACC),
and right Ventrolateral Prefrontal Cortex (R VLPFC) (p<0.001 uncorrected for multiple
comparisons, superimposed on SPM8’s canonical single subject T1 image). See tables for
coordinates of active regions in this and all subsequent figures.
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Figure 2.
Activity during conflict monitoring and processing (No-Go > Go conditions) on the Go/No-

Go task. Activity is significantly greater in individuals with Hoarding Disorder than in
individuals with Obsessive Compulsive Disorder in right Dorsolateral Prefrontal Cortex (R
DLPFC), right Cerebellum, bilateral Insula, right Visual Cortex, and left Premotor Cortex
(p<0.001 uncorrected for multiple comparisons, superimposed on SPM8’s canonical single
subject T1 image).
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Figure 3.
Activity during error trials on the Go/No-Go task. Activity is significantly greater in

individuals with Hoarding Disorder than in Healthy Controls in Mid-Cingulate Cortex (Mid-
CC) and Posterior Cingulate Cortex (Posterior-CC), left Orbitofrontal Cortex (L OFC),
Fusiform, Striatum, and Visual Cortex (p<0.001 uncorrected for multiple comparisons,
superimposed on SPM8’s canonical single subject T1 image).
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Figure 4.
Activity during error trials on the Go/No-Go task. Activity is significantly greater in

individuals with Hoarding Disorder than in individuals with Obsessive Compulsive Disorder
in bilateral Striatum and right Orbitofrontal Cortex (R OFC). Activity is significantly greater
in individuals with Obsessive Compulsive Disorder than in individuals with Hoarding
Disorder in right Dorsolateral Prefrontal Cortex (R DLPFC) and right Supramarginal Cortex
(p<0.001 uncorrected for multiple comparisons, superimposed on SPM8’s canonical single
subject T1 image).

Psychiatry Res. Author manuscript; available in PMC 2017 September 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hough et al. Page 20

Table 1

Lifetime DSM-IV-TR diagnoses within the participant sample.

Hoarding Disorder  Obsessive-Compulsive  Healthy Control

Disorder (OCD) He) T

(n=15) (n=17) (n=25)
Major Depression * 9 10 1
Dysthymia 2 0 0
Generalized Anxiety Disorder 3 2 0
Social Phobia 6 4 2
Panic Disorder 1 2 0
Post-Traumatic Stress
Disorder ™ 1 2 0
Substance Abuse/Dependence * 6 3 8
Attention-Deficit/Hyperactivity
Disorder ™ 4 3 1
Psychotic Disorders 0 0 0
Obsessive-Compulsive
Personality Disorder 1 3 0

fAII diagnoses were in remission at the time of the assessment for this participant group.

*

These diagnoses were in remission at the time of assessment for all participant groups. Note that no HD or OCD participants met full criteria for
MDD at the time of the study, although some participants in these groups had subclinical symptoms. Similarly, no participants met full criteria for
current ADHD, although several in each group had some residual symptoms (primarily inattentive), and one individual in each participant group
was taking stimulants for ADHD.
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