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ABSTRACT

BACKGROUND: Over the past decade, functional neuroimaging studies have found abnormal brain function in
several cortical systems when patients with compulsive hoarding behaviors make decisions about personal pos-
sessions. The purpose of this study was to use functional magnetic resonance imaging to test a neurobiological
model of hoarding disorder (HD) that has begun to emerge from these small studies by confirming HD-related brain
dysfunction in previously implicated brain regions in the largest sample of HD patients examined to date.
METHODS: We compared 79 adults diagnosed with DSM-5 HD with 44 non-HD control participants using a
functional magnetic resonance imaging task of decision making to acquire or discard material possessions and on
a control task involving semantic processing.

RESULTS: HD brain activation profiles prominently featured insular and anterior cingulate cortex overengagement
during possession-related choices that were not seen in non-HD brain activation profiles and also correlated with
hoarders’ clutter and difficulty discarding. Although HD patients overengaged the insula when deciding to discard,
relative to when performing the non—decision making task contrast, the HD insula also was generally blunted.
CONCLUSIONS: This study links the defining behavioral symptoms of HD to localized brain dysfunction within
cingulo-opercular brain systems and firmly establishes the context-dependent importance of this network
dysfunction in HD. The relevance of dysfunction in these brain regions is highlighted by a failure to replicate HD-
related abnormalities in other brain regions implicated in prior HD functional magnetic resonance imaging studies.
This study also raises the novel possibility that HD may involve abnormality in the inferior frontal cortex engaged

for executive control over semantic processing.
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The defining behavioral feature of hoarding disorder (HD) is diffi-
culty discarding possessions owing to a perceived need to save
them, including distress upon discarding (1). An important sec-
ondary behavioral feature, which is not a diagnostic criterion in the
DSM-5 but is present in most patients with HD (2), is excessive
acquisition of unnecessary objects. Research of the possible
causes of HD has examined brain dysfunction that might contribute
to HD symptom expression. Before the recognition in DSM-5 (1)
that HD is distinct from obsessive-compulsive disorder (OCD) (3),
neuroimaging studies compared OCD patients with and without
clinically significant hoarding symptoms. Despite low statistical
power, these studies found preliminary evidence for increased
hoarding-related brain function in lateral prefrontal (4) and ventro-
medial/orbitofrontal brain regions associated with cognitive control
and self-referential processing (4,5) during tasks designed to pro-
voke hoarding symptoms, and decreased activity in posterior
cingulate and cuneus (6) during a task-free resting state.

Building on this foundation, subsequent functional magnetic
resonance imaging (fMRI) studies examined patients who meet
formal DSM-5 (1) criteria for HD to localize brain dysfunction
related to maladaptive HD decision making when choosing to
save or acquire possessions. The first study of a small HD

patient sample replicated many of the functional abnormalities
identified in early OCD-hoarding studies (7). That study linked
HD decisions to retain possessions to excessive activity
compared with healthy control participants within the medial
prefrontal and orbitofrontal cortex, lateral temporal lobe re-
gions, and parahippocampus in HD. A subsequent study of a
larger HD sample showed decisions during a discarding task
resulted in stimulus-dependent functional abnormalities again
in the anterior cingulate cortex (ACC) as well as the anterior
insular cortex (8). Specifically, HD patients showed diminished
activation in these brain regions when deciding about control
(nonowned) objects but excessive activation in these regions
when deciding about their own possessions. This pattern of
neural activity was not present in non-HD comparison partic-
ipants or in patients with OCD. These results were noteworthy
not only because they linked HD to over- or underactivation in
some brain regions in different task contexts, but also because
they clearly differentiated HD versus OCD brain activation
abnormalities. This study also demonstrated that patients’
scores on the Saving Inventory—Revised (SI-R) (9)—a measure
of HD severity —corresponded to right insula and right superior
parietal lobule activity levels. Finally, a small pilot study that
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assessed simulated decisions about both discarding and
acquiring items (10) replicated frontotemporal activation ab-
normalities to discard decisions and the mix of hyper/hypo-
function seen in prior reports (4,6-8) and found preliminary
evidence that many of these activation abnormalities were also
seen when HD patients made decisions to acquire items.

Perhaps the most useful aspect of these HD neuroimaging
findings is that they provide clues about possible links between
HD brain dysfunction and various cognitive processes that are
abnormal in HD patients [e.g., executive function, attention,
memory, organization, categorization (11,12)]. Several candi-
date neural systems have been implicated in HD that might
underlie the abnormal cognitive processes that create, and
then maintain, a system of maladaptive beliefs, a tendency
toward irrational choices, and the emotional distress that ac-
companies HD decision making about personal possessions.
The strongest evidence is for abnormality in the cingulo-
opercular network (comprising primarily the dorsal ACC and
anterior insula). This network is robustly associated with
cognitive control (13,14) and linked to affective aspects of
decision making (15). Neuroscience models of decision making
also show involvement of lateral prefrontal-parietal systems to
cognitive/executive aspects of value-based learning that might
be compromised in HD (16). Finally, semantic cognition (i.e.,
the ability to understand and ascribe meaning to objects and
words) also guides decision-making choices via both execu-
tive control processes that engage lateral prefrontal cortex
regions and the representation of semantic knowledge in
various lateral temporal lobe regions (17). Collectively, the
extant evidence suggests that these might be the impaired
neural systems most directly associated with the central
behavioral symptoms found in most HD patients.

The purpose of this study was to provide evidence to support
or refute this emerging neurocognitive model of HD and gain
more certainty about the nature of brain function in the disorder in
the largest neuroimaging study of HD to date. Importantly, we
wished to expand on previous studies of discarding choices by
also assessing brain function elicited by decisions to acquire new
possessions, as first implicated in prior pilot research (10).
Because we also wanted to assess the contextual specificity of
these information processing abnormalities, we included a new
task condition that measured a semantic processing domain that
previously has not been explored in HD using functional neuro-
imaging. Based on previous findings (4-8,10), we predicted that
HD patients would show dysfunction in brain regions implicated
in cognitive control, including the dorso/ventrolateral prefrontal
cortex, ACC, inferior/superior parietal lobules, and insular cortex,
as well as regions implicated in emotional processing and the
integration of cognition and affect, including the insular cortex,
medial prefrontal regions, and amygdala. One important theo-
retical question was whether we could replicate prior work sug-
gesting that excessive ACC and insula activation in HD (i.e.,
regions that are involved both in cognitive control and in salience
and value-related judgments) were specific to choices about
personal possessions for patients with HD (8). As such, we pre-
dicted that we would observe a comparable biphasic abnormality
in cingulo-opercular brain regions that we previously observed.
That is, we expected that semantic categorization tasks would
elicit relatively lower cingulo-opercular activity in HD, while both
acquiring and discarding choices with strong personal relevance
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would elicit relatively greater cingulo-opercular activity than in
healthy control participants. Finally, although a mix of HD hyper-
and hypoactivation has been observed across prior studies
depending on the brain region observed, task context, and neu-
roimaging technique, symptom provocation studies more often
than not observe generally excessive HD brain activity compared
with non-HD brain activity. Therefore, we expected our larger HD
sample to help us clarify if any there were any HD-implicated brain
regions that always showed excessive activation—in any task
context, regardless of information processing demands—or if the
abnormalities generally were related to personal significance.

METHODS AND MATERIALS

Participants

HD participants were 79 right-handed adults (mean 54 years of
age, 84% women) with a primary diagnosis of HD of at least
moderate severity who enrolled in a waitlist-controlled trial of
group cognitive behavioral therapy (CBT) for HD (HD group).
An age- and sex-equivalent non-HD control group of 44 right-
handed adults (mean 54 years of age, 77% women) also was
collected (non-HD group). Participants have been previously
described in other studies (18-24). The groups differed on
symptom severity (more severe in the HD group) and race
(more racial diversity in the non-HD group) but not on ethnicity
or other demographic variables (see Table 1). Study exclusion
criteria are detailed in the Supplement.

Following informed consent using procedures approved by
the hospital’s institutional review board, participants were char-
acterized using the Hoarding Rating Scale-Interview (21), a
structured interview measuring the severity of hoarding symp-
toms; the Diagnostic Interview for Anxiety, Mood, and
Obsessive-Compulsive and Related Disorders (25), a structured
diagnostic interview for DSM-5 disorders; a modified version of
the Clinical Global Impressions scale that quantifies HD-related
symptom severity for clutter, difficulty discarding, acquiring,
health or safety hazard, functional impairment, and distress (21);
the SI-R (9); and the structured interview version (26) of the
Hamilton Depression Rating Scale (27), a measure of depression.
All clinical assessments were conducted by psychology post-
doctoral fellows or licensed psychologists. Postdoctoral fellows
were supervised by a licensed psychologist with expertise in HD
assessment and treatment (D.T.). Diagnostic interviews were
audio-recorded and coded by independent raters to establish
interrater reliability. Approximately 1 week after the intake
assessment, participants returned for a 90-minute MRI session,
for which they were compensated monetarily.

fMRI Paradigm

The fMRI task was a modification of the object decision task
created by Preston et al. (28) to assess decision making about
possessions. Procedures were identical to those described
previously (19). Choice reaction time on this task was shown to
correlate with clinician-determined HD severity, and it
normalized with successful CBT treatment. In the first fMRI
task run, participants were shown pictures that were either
high-value objects (e.g., a new CD player, fresh food) or low-
value objects (e.g., trash, broken combs). For 30 of these
items, participants were prompted to make a forced-choice
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Table 1. Sample Clinical Characteristics Table 1. Continued
HD Group Non-HD Group Comparison: HD Group Non-HD Group Comparison:
Variable (n=179) (n=44) tor x* (o) Variable (n =79) (n = 44) tor %2 (o)
Age, Years 54.24 + 9.07 53.50 * 7.09 0.50 (.617) Clonazepam 2 (2.5 0(0.0) _
Female 68 (86.1) 34 (77.3) 1.547 (214)° Tranxene 103 0(0.0) _
Race 10.37 (016)° Lorazepam 1013 0(0.0) -
White 72 (91.1) 34 (77.3) Ativan 10.3) 0(0.0) _
Black 338 9 (205 Methylphenidate 2 (2.5) 0(0.0) -
Asian 2(25) 1@3) Adderall 1(1.3) 0(0.0) -
Other 2(2.5) 0.0 Lisdexamfetamine 2 (2.5 0(0.0) -
Hispanic Ethnicity 2 (2.5) 4(9.1) 2.62 (.106)° Tiagabine 1(1.3) 0(0.0) _
cal 512 = 0.89 1.05* 0.21 37.64 (<.001) Gabapentin 225 0(0.0) _
HRS 2716 = 4.44 0.36 = 0.78 51.54 (<.001)° Values are mean = SD or n (%). Approximately 22.5% of the
SI-R Discarding 20.04 £ 3.76 3.59 = 2.85  27.19 (<.001)" participants with HD were prescribed a medication that acted on a
SI-R Clutter 26.00 + 5.59 2.52 + 3.17 29.59 (<.001)* major neurotransmitter system and might have influenced brain
SI-R Acquiring 15.51 + 5.67 2.75 = 2.16 17.74 (<.001)° funcFion_. Because many parti_cipants_with HD took more than a single
HAM-D 1056 + 5.93 2.40 * 2.06 10.95 (<.001)° umn?gijc:trl)zz,enttr: psychotropic medication rates do not represent
Psychiatric Diagnoses ADHD, attention-deficit/hyperactivity disorder; CGl, Clinical Global
Obsessive-compulsive 9 (11.3) 0 (0.0) - Impressions scale; HAM-D, Hamilton Depression Rating Scale; HD,
disorder hoarding disorder; HRS-I, Hoarding Rating Scale—Interview; SI-R,
Body dysmorphic 4(5.0) 0(0.0) _ Sa\;ing Inventory-Revised.
disorder bt1§2'
Trichotillomania 2 (2.5) 0 (0.0) - CX21'
Excoriation 10 (12.5) 0(0.0) - re
disorder
Social anxiety 14 (17.5) 0 (0.0 -
disorder “acquire” decision if they chose to personally obtain the item or
Panic disorder 2 (2.5 0(0.0) - not. For another 30 items, participants made effortful semantic
Agoraphobia 5(6.9) 0(0.0) - judgments of animacy (i.e., was the pictured item alive or made
Generalized anxiety 16 (20.0) 0(0.0) - of materials that were once alive). In a subsequent “discard” task,
disorder participants were instructed to imagine that they already owned
Specific phobia 9(11.3 0(0.0) - each of 30 pictured items and decide if they wanted to discard it
Dysthymic disorder 18 (22.5) 0 (0.0) - as part of “spring cleaning.” The semantic condition was the
Major depressive 32 (39.5) 0 (0.0 - same as in the acquiring task. Other modifications accommo-
disorder dated constraints imposed by fMRI—adding a formal control
Cyclothymic disorder 1(1.2) 0 (0.0) - condition to ensure that the experimental manipulation worked
Premenstrual dysphoric 2 (2.5) 0(0.0) - as intended, using new presentation timings optimized for he-
disorder modynamic signal detection, and shortening experiment length
Posttraumatic stress 5(6.3) 0(0.0) - by foregoing the pretesting stimuli exposure. See the
disorder Supplement for complete instructions and more details on object
Adjustment disorder 4(5.0) 0 (0.0 - decision task modifications.
Anorexia 1(1.9 0 (0.0) -
Binge-eating 5 (6.3) 0 (0.0) - MRI Data Collection and Processing
disorder All participants were scanned using a Siemens 3T Skyra
S“bzt_ance use 13(16.3) 12 - (Siemens Corp., Erlangen, Germany). Urine collected prior to
isorder MRI was tested for the presence of drug metabolites and
ADHD 14 (17.5) 0(0.0) - . T
- — pregnancy. Caffeine/nicotine intake was as normal for each
Psychotropic Medication Use - individual to prevent any acute withdrawal effects on brain
Duloxetine 38 0(0.0) - activity, restricted to =1 hour prior to MRI. Details on MR se-
Escitalopram 338 0.0 - quences, data processing, and handling of head motion are in
Bupropion 6 (7.6) 0(0.0) - the Supplement.
Trazodone 3 (3.8) 0 (0.0) -
Venlafaxine 2 (2.5) 0(0.0) - fMRI Brain Activation Analyses
Fluoxe_tme 109 0(0.0 - Brain activation was estimated using FILM within FSL’s FEAT
Sertraline 3638 0(0.0 - software (nttps:/fsl.fmrib.ox.ac.uk/fsl/fslwiki). For the first task,
Nortriptyline 10.3) 0(0.0) - conditions of interest were the acquire and semantic condition
Alprazolam 2(2.9) 009 - (i.e., “alive” vs. “not alive” semantic judgments). For the
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second task, they were discard and its corresponding se-
mantic judgment condition. Beta-weight estimates were
extracted for each parcel that represented the fit to a canonical
model of hemodynamic response for all of the stimuli in each
task condition. These were used in subsequent group analyses
with SPSS software version 24 (IBM Corp., Armonk, NY). The
Supplement describes brain activation to each fMRI condition.
These findings supported a decision to examine semantic
processing differences between study groups rather than just
as a control condition.

Atlas Parcels of Interest

Our analyses used the Human Connectome Project cortical
brain parcellation atlas (29) with 387 discrete brain “parcels.” We
focused on 13 parcels that best corresponded to frontal and
parietal lobe HD abnormalities in prior fMRI studies (7,8,10). A
detailed description of how we translated stereotactic Montreal
Neurological Institute coordinates from volume space to the
surface space-based parcels of the Human Connectome Project
cortical atlas is provided in the Supplement. Supplemental
Figure S1 depicts the location of each parcel of interest (POI).
The full names for each of these atlas-based POls are listed in
Table 2 along with a brief descriptive label for ease of reference
(e.g., AVI for the anterior ventral insular area Human Connectome
Project parcel). Several POls were nodes of the cingulo-
opercular and frontoparietal networks engaged for cognitive
control and executive function that are proposed in the etiology
of mental health problems (30). Other POls in the temporal and
parietal lobes lobe correspond to brain regions known to be
engaged for semantic processing (17).

Study Hypothesis Testing

We tested study predictions using 2 X 2 (group X condition)
general linear models, similar to prior HD neuroimaging work
(8). One model was estimated for activation data from the
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acquire task, while another examined discard task. We were
most interested in the group (HD vs. non-HD) main effects and
the interactions between group and condition, as these were
most relevant to our study goals. All within-subjects effects
were evaluated using Greenhouse-Geisser corrections for
sphericity. Covariates included age, dummy-coded sex, and a
dummy-coded psychotropic medication use in HD patients.
Although race differed between study groups, we elected not
to include this as a covariate owing to concerns that the low
prevalence of racial groups other than white would distort re-
sults. Post hoc retesting showed that neither a race covariate
nor omitting nonwhite participants changed study findings.

We first evaluated hypotheses for our 13 POls with a p <
.0038 significance threshold (Bonferroni .05/13) to focus on
validating our a priori HD neurobiological model. Results at p
< .05 uncorrected were noted, particularly when the same
abnormality was shared across acquire and discard fMRI
task contexts. Next, we examined the whole brain. As brain
region vertices and voxels were averaged into 387 parcels,
no entry/extent thresholds were required. Instead, we used
Bonferroni-corrected p < .000129 (.05/387). We hoped that
theoretically interpretable HD study group differences might
emerge in nonhypothesized brain regions. Although this is
the largest HD fMRI sample collected to date, the current
sample size is still not large enough to detect “medium”
diagnostic group difference effect sizes but can confidently
identify any “large” effects not hypothesized a priori. Finally,
we conducted post hoc partial correlation analyses to
quantify associations between POI brain function and HD
scores on either SI-R subscales or the Hamilton Depression
Rating Scale.

Modified object decision task behavioral performance was
described in detail in a prior report (19). Here, we report only
that participants showed acceptable task accuracy. Although
challenging, the animacy decisions on the semantic decision-

Table 2. Results of Hypothesis Testing From General Linear Models Showing Age-, Sex-, and Psychotropic Medication Use-
Corrected Partial n2 Effect Size Estimates for Group, Condition, and the Group X Condition Interactions for the Acquire and
Discard fMRI Tasks

Acquire Discard
Group  Condition Group X Condition Group  Condition Group X Condition
Right Dorsolateral Prefrontal Cortex Area (Area 46) .014 .008 .001 .014 .006 .000
Left Inferior Frontal Cortex (Area IFSa) .033 .062° .011 .033 .023 .078°
Right Anterior Ventral Insular Area (AVI) .015 .010 .077° .015 .004 .108°
Left Middle Insular Area (MI) .001 .014 .005 .001 .034 .001
Right Cingulate Cortex Area Anterior 32 Prime (a32pr) .010 .0537 .097° .010 .0367 .055%
Right Cingulate Cortex Area Posterior 24 (p24pr) .000 .0517 .013 .000 .106° .006
Left Cingulate Cortex Area Posterior 24 (p24pr) .000 1070 .000 .000 .108° .000
Right Inferior Parietal Cortex (Area PFt) .003 .004 .005 .003 .000 .010
Left Intraparietal Area 1 (IP1) .017 126° .015 .017 .082° .0727
Left Inferior Parietal Cortex (Area PGi) .000 .019 .009 .000 .0577 .002
Left Auditory Association Cortex (Area STGa) .046° .026 .005 .046° .008 .014
Right Amygdala .003 .036° .000 .003 .024 .017
Left Amygdala .003 .017 .002 .003 .027 .022

Bonferroni-corrected and uncorrected significance levels are noted. Effect size estimates are rounded up or down to the closest thousandth.
fMRI, functional magnetic resonance imaging.

4p < .05 uncorrected for multiple comparisons.

PSurvives Bonferroni correction for 13 multiple comparisons.
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making task had objective answers. Collapsed across acquire
and clean task conditions, accuracy was 84.6% for the non-
HD group and 84.2% for the HD group.

RESULTS

Parcels of Interest Hypothesis-Testing Results

The results of our analysis of a priori POls are listed in Table 2
and illustrated in Figure 1. Table 2 reports which brain re-
gions had a different profile of engagement on the 2 fMRI
task conditions in the 2 study groups. These are expressed
as partial eta-squared effect sizes; values that met
Bonferroni-corrected POI statistical significance thresholds
are noted. During both acquire and discard tasks, there were
significant interactions for right anterior ventral insula. There
also was an interaction in right cingulate cortex (a32pr parcel)
for the acquire task, but a comparable effect was observed

Right anterior ventral
insular area (AVI)

Right anterior ventral
insular area (AVI)

fMRI of Hoarding Disorder

only at p =.014 for the discard task. The left inferior frontal
cortex (IFSa) also showed a significant interaction during the
discard task. These findings were consistent with our pre-
dictions for abnormal biphasic cingulo-opercular function in
HD, in which subjects with HD relatively overactivated these
regions for HD-related decision making compared with non-
HD participants. These interactions were the only effect that
met the most stringent Bonferroni corrections that exactly fit
our emerging theoretical model. The right inferior frontal
cortex (IFSa) parcel interaction was significant not because
HD overengaged this region, but rather because HD showed
an unanticipated relative blunting of activity during semantic
processing.

Table 2 also lists the main effect of diagnostic group com-
parisons, showing how the HD and non-HD groups differed in
the same way for both task conditions. Simple group differences
were seen during the discard condition only in the right anterior

Figure 1. Graphs of age-, sex-, and psychotropic
medication use-corrected estimated marginal
means for brain activation on each of the functional
magnetic resonance imaging task conditions in
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ventral insular area parcel. Here, activity during decisions to
throw away items and when making semantic judgments was
lower in participants with HD compared with non-HD
participants.

Whole-Brain Analysis Results Relative to the Non-
HD Group

For the acquire task, the HD group showed abnormally lower
activity in right auditory cortex (R_LBelt parcel). For the discard
task, HD showed a similar blunted activation in the bilateral
primary auditory cortex (A1) and proximal auditory processing
regions (R_PBelt_ROIl, R_LBelt_ROI, and L_LBelt_ROI parcels).
No other regions had HD versus non-HD main effects or
group X condition interactions. Because whole-brain analysis
was sensitive only to “large” effects, Supplemental Figures S5
and S6 depict exploratory “medium” effect size maps.

Validity Check

As a final validity check, all analyses were redone after
excluding any participant who had even one instance in the
time series in which scan-to-scan head movement exceeded
one voxel length. Although specific p values and effect size
estimates diminished somewhat owing to the smaller sample
sizes tested, the study findings did not appreciably change
(see Supplement and Supplemental Table S2).

Post Hoc Tests of Association With Clinical Severity
Measures

All significant post hoc correlations were negative; greater Sl-
R-measured hoarding severity was associated with lower brain
activity. For acquire decisions, only left auditory association
cortex (STGa) significantly correlated with SI-R difficulty dis-
carding (r = —.204, p = .033). During discard decisions, insula
activity was correlated with SI-R clutter (r = —.196, p = .041)
and difficulty discarding (r = —.219, p = .021). The left STGa
was correlated with difficulty discarding. More surprisingly,
semantic brain activity in both tasks was correlated with SI-R.
For instance, semantic insula brain function during the discard
task was strongly correlated with SI-R clutter (p = .00004),
difficulty discarding (p = .00006), and excessive acquisition
(p = .002), as was the left inferior frontal cortex (IFSa) (ps
ranged from .028 to .007). The right anterior cingulate (a32pr)
and intraparietal area (IP1) semantic activity was correlated
with SI-R scores during both fMRI tasks. Supplemental
Tables S3 and S4 detail all correlations.

In contrast, Hamilton Depression Rating Scale depression
severity in the HD group was generally unrelated to HD patient
brain function. It correlated significantly only with activity in the
right anterior ventral insula during discard decisions (r = —.226,
p =.018) and inferior parietal cortex (PGi) (r = —.196, p =.042).

DISCUSSION

This study tested an emerging neurobiological model that links
the defining behavioral symptoms of HD to localized
dysfunction within specific brain systems. As predicted and
consistent with prior findings (7,8), we found evidence for
relatively overactive HD cingulo-opercular system function
during possession-related decision making compared with a
control condition that did not emphasize personal ownership.
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Specifically, a region within the right insular cortex was both
generally blunted and relatively overactive in HD for discarding
choices, compared with a semantic processing condition not
designed to provoke HD symptoms. A similar profile of relative
overactivity was found for the anterior cingulate when patients
made decisions to discard or to acquire items. Whole-brain
analysis also found primary auditory and auditory association
cortex HD activation deficits.

Because both this and several prior HD fMRI studies now
have linked HD to cingulate and insula function abnormality
specifically during discarding, it seems reasonable to conclude
that the cingulo-opercular system plays an important role in
HD decision-making abnormalities that lead to symptom
expression. Not only were these the strongest or most
consistent HD deficits found in this study, but also post hoc
analyses found less HD right ventral insula activity levels dur-
ing discard decisions predicted higher SI-R severity for clutter
and difficulty discarding. While this conclusion represents a
meaningful step forward theoretically, many questions remain
to be answered. The cingulo-opercular brain system has many
well-established roles in information processing that represent
new avenues for careful study of HD abnormality, including
directing attention to salient features (31), cognitive control,
conflict monitoring, response inhibition, error processing, and
reinforcement learning (13), as well as emotional outcome
learning (15,32) and regulation of negative affect (32). This di-
versity of function reflects the complexity of decision making in
general, which involves the interaction of numerous cognitive
processes. Our goal here was not to isolate a specific cognitive
abnormality that might explain HD behavior, but rather to use
an HD-relevant task to confirm specific brain system
dysfunction in HD to guide future research. Future research
might benefit from attempting to learn if there are associations
between HD executive dysfunction and the HD decision-
making neural abnormalities found here.

The current study also has firmly established that HD
overactivates the cingulo-opercular system in a context-
specific way. That is, the system is not simply primed to
overengage regardless of task circumstance, but parts of the
network show excessive activation when decision making in-
volves personal possessions. Indeed, the right insula also was
generally blunted in activation in HD compared with non-HD
during discard decision making. Clearly, a more nuanced
model needed to account for its relative overengagement,
specifically when HD patients make decisions about personal
ownership. One possibility is that HD patients might have a
generally compromised cingulo-opercular system, but perhaps
the greater salience of personal possessions normalizes its
neural function. This idea holds some intuitive appeal and is
consistent with other HD studies that used electroencepha-
lography to find attenuated error-related negativity potentials
(33) or fMRI to find cingulate abnormalities on a Go/No-Go task
(34). However, contradictory evidence for this idea also exists,
as neither Hough et al. (34) nor another fMRI HD Go/No-Go
study (35) found error processing—related cingulate abnor-
malities. A second possibility is that HD cingulo-opercular
signaling is inadequate to clearly differentiate among different
stimulus contexts. For instance, HD patients had seemingly
equivalent right insula engagement when deciding to acquire
items and when making semantic judgments, whereas these
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conditions differed for non-HD. This line of thinking might take
investigators down the road of postulating a model involving
the acquisition and maintenance of reward/salience-related
prediction errors and their habituation in the absence of
direct reinforcement (15).

Another possibility suggested by the current study results is
that HD patients could have deficits in either categorization
cognitive operations (12,36) or semantic information processing
itself (i.e., the neural representation of meaning). The latter
seems more likely, as patients with HD failed to engage left
inferior frontal cortex as much as non-HD subjects when making
animacy decisions. This region has been identified by fMRI
meta-analysis as a key brain structure engaged by tasks
requiring a high degree of executive control over sematic pro-
cessing (17). In addition, HD underactivated the left intraparietal
area cortex and cingulo-opercular regions during semantic
categorization, and there were strong associations between SI-
R scores and several cingulo-opercular, parietal, and temporal
lobe region activity levels during semantic processing. Current
semantic control models emphasize a hub-and-spoke config-
uration of coupled systems that include both the dorsal and
ventral prefrontal cortices and several parietal lobe regions that
may draw on the same neural resources as more domain-
general forms of executive control that already are implicated
in HD by neuropsychological studies (37). There are several
other indications that semantic control might be abnormal in
HD. In this study, we found p < .05 uncorrected simple group
differences in anterior superior temporal gyrus—a region often
described as the primary semantic representation hub (38). It
remains to be seen if semantic processing impairments are
characteristic of HD, much less whether abnormal semantic
representation, semantic control, or semantic network integra-
tion dysfunction might be discrete deficits that contribute to HD
symptom expression. The auditory cortex hypofunctional re-
gions found in whole-brain analysis for HD are proximal to many
semantic processing areas, but likely represent a different ab-
normality. Because these regions process basic tonal and fre-
quency characteristics (39) and were found across most fMRI
task conditions, this could represent an unexplored HD sensory
deficit. Another possibility is that HD might have relatively
greater “top-down” attentional modulation of the nonessential
auditory information from the fMRI background noise. Another
alternative worth exploring is whether this abnormality results
from abnormal network connectivity. These exact auditory
processing areas are interconnected with numerous cortical
regions in both task and resting-state fMRI contexts. These
regions include the cingulate, insula, lateral prefrontal cortex,
and parietal lobe regions (40), all of which have been found to be
abnormal in HD.

In conclusion, this study better establishes the context-
dependent importance of cingulo-opercular network dysfunc-
tion in HD, provides the first neuroimaging evidence for
semantic processing HD neural impairment, and identifies
auditory regions as a possible target for future HD research.
Moreover, our examination of a larger HD sample than those
used in previous functional neuroimaging work failed to find
convincing evidence that some brain regions implicated in
prior HD fMRI studies differ between HD patients and non-HD
control subjects except when the nature of information pro-
cessing involves personal ownership. It is also noteworthy that

fMRI of Hoarding Disorder

while we detected HD cingulo-opercular dysfunction during
choices to acquire new items, relatively more HD brain acti-
vation abnormalities were found during discard decision
making. We cannot know if more HD abnormalities during
acquisition choices would be found if participants were given
unrestricted access to new items (i.e., could acquire as many
as they wanted). Overall, the moderately large HD sample
lends confidence to both the positive and negative findings
here. However, the “medium” effect sizes suggest that these
HD abnormalities are notable but not extremely large. As such,
the failure to show a greater number of areas with excessive
HD brain activation or stronger HD group differences with such
a large sample might reflect previously underappreciated
neurobiological heterogeneity within the HD patient popula-
tion. Alternatively, it might reflect different HD versus non-HD
effort. A study limitation is the overrepresentation female HD
patients. Across epidemiological studies, HD appears to be
equally common in men and women (41). However, women are
consistently overrepresented in treatment-seeking samples
such as this one. Future studies can seek to identify which
brain regions predict or mitigate clinical outcome following
cognitive behavioral therapy.
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