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Disinhibition in dementia related to reduced
morphometric similarity of cognitive control
network

(®Lisanne M. Jenkins,' ®Ashley Heywood,' Sonya Gupta,' Maryam Kouchakidivkolaei,’
Jaiashre Sridhar,? Emily Rogalski,"3 (®Sandra Weintraub,'> Karteek Popuri,4

Howard Rosen,’ (Lei Wang?; for the Alzheimer’s Disease Neuroimaging Initiative* and for
the Frontotemporal Lobar Degeneration Neuroimaging Initiative**

Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/
or provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be
found at: http:/adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

**  Data used in preparation of this article were obtained from the Frontotemporal Lobar Degeneration Neuroimaging Initiative
(FTLDNI) database. The investigators at NIFD/FTLDNI contributed to the design and implementation of FTLDNI and/or
provided data, but did not participate in analysis or writing of this report (unless otherwise listed). The FTLDNI
investigators are listed in the Appendix.

Disinhibition is one of the most distressing and difficult to treat neuropsychiatric symptoms of dementia. It involves socially in-
appropriate behaviours, such as hypersexual comments, inappropriate approaching of strangers and excessive jocularity.
Disinhibition occurs in multiple dementia syndromes, including behavioural variant frontotemporal dementia, and dementia of
the Alzheimer’s type. Morphometric similarity networks are a relatively new method for examining brain structure and can be
used to calculate measures of network integrity on large scale brain networks and subnetworks such as the salience network
and cognitive control network.

In a cross-sectional study, we calculated morphometric similarity networks to determine whether disinhibition in behavioural
variant frontotemporal dementia (n=75) and dementia of the Alzheimer’s type (n=111) was associated with reduced integrity
of these networks independent of diagnosis.

We found that presence of disinhibition, measured by the Neuropsychiatric Inventory Questionnaire, was associated with re-
duced global efficiency of the cognitive control network in both dementia of the Alzheimer’s type and behavioural variant fronto-
temporal dementia.

Future research should replicate this transdiagnostic finding in other dementia diagnoses and imaging modalities, and investigate
the potential for intervention at the level of the cognitive control network to target disinhibition.
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Introduction

Disinhibition is one of the most distressing neuropsychiatric
symptoms of dementia,"* involving socially inappropriate
behaviours, such as hypersexual comments, excessive jocu-
larity and inappropriate approaching of strangers.’
Disinhibition increases risk for institutionalization,* and is
associated with several worse clinical outcomes, including
dementia severity, memory and executive functioning scores,
as well as younger age.? Early disinhibition is a key criterion
for a clinical diagnosis of behavioural variant frontotempor-
al dementia (bvFTD) and is present in around three quarters

of individuals with bvFTD.’ Disinhibition is also present in
other forms of dementia, including in dementia of the
Alzheimer’s type (DAT), albeit at a lower prevalence of
around 17-30%.%” Neuroanatomically, bvFTD and DAT
tend to show distinct patterns of cortical atrophy involving
different functional brain networks; however, atypical
presentations of these atrophy patterns can occur.®'°
These unique atrophy patterns are associated with unique
pathological mechanisms, such as TDP-43 within bvFTD
and Alzheimer’s disease pathology within DAT; however, in-
dividuals often have combinations of dementia pathologies
at autopsy.'' Studies suggest that neurodegeneration is
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Disinhibition and networks in dementia

intimately linked to behavioural syndromes such as disinhib-
ition, regardless of aetiology.' As such, a transdiagnostic
understanding of common symptoms that cross convention-
al disease boundaries is warranted, as mechanistic explana-
tions may not exist at the level of molecular pathology'?
but likely do at the network level.'*

Most existing studies exploring the relationship between
neuropsychiatric symptoms such as disinhibition and brain
changes in dementia have related symptoms to atrophy, ' at-
rophy patterns'® or white matter abnormalities such as frac-
tional anisotropy.'> However, such an approach is limited
because it ignores the natural functional organization of
the brain into networks of interconnected regions that are
more closely aligned to the functional impairment than iso-
lated brain regions'” and that brain diseases are therefore
fundamentally influenced by brain network organization.'®
Existing neuroimaging studies of disinhibition in dementia
have identified regions of atrophy including in the orbito-
frontal cortex (OFC) and insula (see'’ for a review). These
regions are part of the salience network (SN), which is in-
volved in signaling the personal significance of stimuli,
whether emotional, homeostatic, or cognitive, that requires
adjustment in sympathetic tone.” Regions of another major
large-scale functional brain network, the cognitive control
network (CCN) have also been associated with disinhibition
in dementia, including the inferior frontal gyrus and dorso-
lateral prefrontal cortex (see'” for review). The CCN (also
known as the central executive network or the executive con-
trol network) is important for higher-level cognitive pro-
cesses, including executive functions.”’ These large-scale
intrinsic brain networks can be studied using both functional
or structural MRIL.

A relatively new method to explore structural brain net-
works is to construct Morphometric Similarity Networks
(MSNs).?> This method takes several topological features
(e.g. grey matter volume, cortical thickness, intrinsic curva-
ture) of brain structure for a parcellated set of anatomical re-
gions, and correlates them with the set of topological
features of all other anatomical regions to produce a struc-
tural connectome (matrix) of inter-regional similarity.
MSNs have been shown to recapitulate known cytoarchitec-
tonic divisions, reflect axonal connectivity derived from ma-
caque tract-tracing studies, and to predict inter-individual
differences in cognition.”” Thus, MSNs are a biologically
plausible and robust method for measuring structural brain
connectivity and integrity. In addition to examining the
whole brain as a network, sub-networks can be identified
using published functional atlas parcellations, and this is
the approach taken in the present study.

We aimed to determine the association between disinhib-
ition and two major properties of brain networks: their abil-
ity to perform specialized information processing within
densely connected groups of brain regions (network segrega-
tion) and their ability to rapidly combine specialized
information from distributed brain regions (network inte-
gration).”> A handful of existing studies in individuals with
DAT (but not bvFTD) have measured structural brain
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networks and identified alterations in segregation and inte-
gration. For example, Ferreria et al.** found that measures
of integration and segregation differ between those with dis-
tinct atrophy subtypes (e.g. limbic-predominant), not only
with networks associated with their atrophy but also extend-
ing to other brain regions, and even in the minimal atrophy
group. Palesi et al.>® also found aberrant alterations in brain
network integration and segregation in individuals with
DAT. Patterns of integration and segregation differed for dif-
ferent brain networks, and furthermore, these measures were
related to cognitive performance.” A lack of studies, how-
ever, have examined structural brain networks in relation
to neuropsychiatric symptoms of dementia, such as disinhib-
ition. In our literature review of neuroimaging studies of dis-
inhibition across DAT and bvFTD,'” we found that brain
regions frequently implicated included the orbitofrontal cor-
tex and anterior cingulate cortex of the SN and the inferior
frontal gyri and dorsolateral prefrontal cortex of the CCN.
Based on our review, we presented a transdiagnostic theoret-
ical model for disinhibition in dementia'” which posits that
within the context of impaired cognitive control due to de-
mentia, disinhibition is also associated with damage to the
salience network. Thus, in the current study we analyzed
morphometric similarity of the SN and CCN in DAT and
bvFTD, leveraging large consortia neuroimaging datasets—
the Alzheimer’s Disease Neuroimaging Initiative (ADNI,*®)
and the Frontotemporal Lobar Degeneration Neuroimaging
Initiative (FTLDNI,?”)—as well as data collected at North-
western University’s Mesulam Center for Cognitive Neur-
ology and Alzheimer’s disease. We hypothesized that
individuals with disinhibition would have reduced network
integrity (as measured by aberrant network segregation
and integration) in the salience and CCNs compared to indi-
viduals without disinhibition, regardless of a clinical DAT or
bvFTD diagnosis.

Materials and methods

Data from a total of 186 research participants were included in
the study, shared from three sources: the Mesulam Center for
Cognitive Neurology and Alzheimer’s Disease (MCCNAD)
at Northwestern University, the Alzheimer’s Disease
Neuroimaging Initiative (ADNI), and the Frontotemporal
Lobar Degeneration Neuroimaging Initiative (FTLDNI).
Participants were included if they had i) a clinical diagnosis of
DAT or bvFTD, ii) a T1-weighted MRI and iii) data from the
Neuropsychiatric Inventory Questionnaire (NPI-Q, see below).

ADNI MRI data were from participants at the month 6
visit in the ADNI-2 protocol. Due to low numbers of DAT
participants with moderate or severe disinhibition, from
other visits (for which MRI and NPI-Q were within 6 months
of each other) we added another five DAT participants with
moderate disinhibition and two with severe disinhibition.
ADNI was launched in 2003 as a public—private partnership,
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Table | Demographic and clinical characteristics

L. M. Jenkins et al.

DAT (n=111)
Age years 74.15 (7.53)
Sex M/F 68/43
White/Black/Asian/multiple/unknown 105/2/2/2/0
Education years 15.24 (3.31)
CDR-SB 5.38 (2.58)
Days MRI—NPI-Q 14.01 (55.81)
Database ADNI/FTLDNI/Mesulam 101/0/10

Disinhibition Yes/No 27/84
Disinhibition Severity 0/1/2/3 84/12/13/2
Scanner Siemens/GE/Philips 59/32/20

bvFTD (n=75) Statistic

64.46 (7.03) t(184) =8.84, P < 0.00|
51724 x*(1)=0.88, P=0.348

63/9/0/2/1 Fisher’s exact = 10.80, P = 0.007
16.05 (3.10) 1(184) = —1.67, P=0.095

8.16 (3.94) t(114.64) = —5.33, P < 0.001
4.03 (25.47) 1(165.04) = 2.96, P = 0.004
0/63/12

62/13 x*(1)=61.05, P< 0.001
13/15/27/20 x*(3) = 67.49, P< 0.001

61/14/0 x*(1)=20.89, P < 0.001

M, male; F, female; CDR-SB, Clinical Dementia Rating Scale Sum of Boxes; NPI-Q, Neuropsychiatric Inventory Questionnaire; ADNI, Alzheimer’s Disease Neuroimaging Initiative;
FTLDNI, Frontotemporal Lobar Degeneration Neuroimaging Initiative; Mesulam, Mesulam Center for Cognitive Neurology and Alzheimer’s Disease; GE, General Electric.

led by Principal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial mag-
netic resonance imaging (MRI), positron emission tomog-
raphy, other biological markers, and clinical and
neuropsychological assessment can be combined to measure
the progression of mild cognitive impairment (MCI) and
early dementia due to Alzheimer’s disease (AD). For
up-to-date information, see www.adni-info.org. FTLDNI
was begun in 2010 to identify neuroimaging modalities
and methods of analysis for tracking frontotemporal lobar
degeneration (FTLD) and to assess the value of imaging ver-
sus other biomarkers in diagnostic roles. The data were the
result of collaborative efforts at three sites in North
America. For information on participation and protocol,
please visit http:/memory.ucsf.edu/research/studies/nifd.
Participants from the Mesulam Center cohort were enrolled
in the Clinical and Imaging Cores of the Northwestern
Alzheimer’s Disease Center funded by the National
Institute on Aging.

Individuals were clinically diagnosed as either bvFTD or
DAT based on clinical consensus without autopsy confirm-
ation. Demographic and clinical details are shown in
Table 1. The bvFTD group was significantly more likely to
have disinhibition and had greater severity of disinhibition
than the DAT group. There were also expected diagnostic dif-
ferences in age and Clinical Dementia Rating Scale Sum of
Boxes (CDR-SB), both of which were covaried in all analyses.

The Neuropsychiatric Inventory Questionnaire (NPI-Q)*® is
a caregiver-based behavioural symptom assessment for indi-
viduals with cognitive impairment and dementia. It surveys
12 global behaviours over the previous month on their
presence (yes/no) and severity (1=mild, 2 =moderate,
3 =severe). One item per behaviour measures delusions, hal-
lucinations, agitation/aggression, depression, anxiety, ela-
tion/euphoria, apathy, disinhibition, irritability/lability,
aberrant motor behaviour, sleep disturbances and appetite/
eating disturbances. The disinhibition item includes prompts
like talking familiarly to strangers, acting impulsively, and
saying things that are hurtful to others. Figure 1 shows the

distribution of NPI-Q caregiver ratings of disinhibition pres-
ence (i.e. a severity rating of 1, 2 or 3) by diagnosis.

Only T1-weighted (T1w) MRI data acquired at 3T were in-
cluded in this study. FTLDNI data were acquired at two
sites, the University of California San Francisco (UCSF)
and the Mayo clinic. At UCSF, a Siemens Tim Trio scanner
acquired a volumetric magnetization-prepared rapid gradi-
ent echo (MPRAGE) sequence with the following para-
meters: slice orientation = coronal, slice thickness = 1mm,
in-plane resolution = 1mm X Tmm, matrix =240 X 256,
repetition time (TR)=2.3ms, echo time (TE) = 3ms, inver-
sion time (TI)=900ms, flip angle=9°. At Mayo clinic, a
General Electric (GE) Discovery (MR750) scanner acquired
structural T1w images using the following parameters: slice
orientation = coronal, slice thickness=1.2mm, in-plane
resolution =1.0156 mm x 1.0156 mm, matrix =256 X 256,
TR=7.3 ms, TE=3 ms, TI=900 ms, flip angle =8°. The
ADNI-2 protocol uses a MPRAGE with the following
acquisition parameters: slice orientation = sagittal, slice thick-
ness = 1.2 mm, TR =2400 ms, TI=1000 ms. ADNI-2 data
are collected on a combination of Siemens, GE and Phillips
scanners (see Table 1). For additional details, see (https:/
adni.loni.usc.edu/methods/documents/mri-protocols/). Tlw
MRIs from the Mesulam Center cohort were collected on
Siemens Trio (ADNI-2 protocol, see above) and Prisma scan-
ners. Prisma scanners use the advanced ADNI-3 protocol
which collects an accelerated MPRAGE with the following
parameters: orientation = sagittal, slice thickness=1 mm,
TR =2300 ms, TE =2.98 ms, TI =900 ms, flip angle = 9°.
For each individual, T1w images were processed through
FreeSurfer image analysis suite to generate cortical surfaces
(version 6.0;> see http:/surfer.nmr.mgh.harvard.edu/). A to-
tal of 223 Tlw images were processed with FreeSurfer
(127 DAT from ADNI, 68 bvFTD from NIFD, 11 DAT and
17 bvFTD from MCCNAD). Manual edits were made when
necessary using Freeview software. This included fixing
over-segmentation (e.g. when it incorporated the dura) or
under-segmentation of the grey matter after processing, then
re-running Freesurfer with the adjusted marker to account
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Figure | Disinhibition presence by diagnosis.

for over- or under-segmentation. Of the 37 subjects excluded,
3 were excluded due to a processing error, 1 was excluded due
to under-segmentation, and 33 were excluded due to over-
segmentation. A total of 186 participants passed visual quality
assurance and were included in the analysis (see Table 1).

Cortical surfaces were further parcellated into 360 regions
of interest (ROIs) according to a validated atlas from the
Human Connectome Project.?” Then, using an atlas based
on functional network classifications,>! we identified ROIs
within the salience network (SN) and the CCN. We defined
the SN as comprising 56 parcels of the Cingulo-opercular
and 6 parcels of the Orbito-affective network, and the
CCN as comprising 23 parcels of the Dorsal attention and
50 parcels of the Frontoparietal network.>!

Specific network analysis

Morphometric similarity networks (MSNs) were originally
proposed using multimodal data, including T1-weighted,
diffusion and magnetization transfer (MT) images.*”
However, diffusion and MT data do not exist for this sample.
The use of single-modality, T1-weighted only MSNs has been
shown to produce connectomes that are similar to complex
connectomes,>” therefore the current analysis was restricted
to grey matter networks. To generate individual MSNs, for
each of the 360 surface ROIs, we utilized the following 7
surface-based cortical grey matter metrics provided by
FreeSurfer processing: grey matter volume (GM), surface area
(SA), cortical thickness (CT), intrinsic curvature (IC), mean
curvature (MC), curved index (CI), and folding index (FI).
Pairwise inter-regional Pearson correlations of morphometric
feature vectors were calculated to produce a 360 x 360

morphometric similarity matrix for each individual. Self- and
negative correlations were removed. Connectomes (including
MSNs) are often thresholded to remove weak or spurious con-
nections, as they may obscure the topology of strong and sig-
nificant connections.”> Threshold values are often arbitrarily
determined, thus ideally networks should be characterized
across a broad range of thresholds*® and this is the approach
that we, and others (e.g.>*) have taken. We performed density
thresholding on the weighted, undirected MSNs at 0.25,
0.30, 0.35, 0.40 and 0.45. These thresholds were chosen as
thresholds below 0.25 resulted in disconnected networks.
Optimal network architecture involves both functionally segre-
gated (specialized) modules and a healthy number of integrated
(inter-modular) links.?® This is referred to as small-world con-
nectivity. In our data, SN small worldness in the DAT group
ranged from 1.66 (SD=0.16) at the 0.25 threshold to
1.12 (SD =0.07) at the 0.45 threshold. SN small worldness in
the bvFTD group ranged from 1.63 (SD=0.19) to 1.12
(SD =0.06). CCN small worldness in the DAT group ranged
from 1.68 (SD=0.14) at the 0.25 threshold to 1.14
(SD = 0.04) at the 0.45 threshold, and for bvFTD CCN small
worldedness ranged from 1.68 (SD =0.11) at the 0.25 thresh-
old to 1.14 (SD =0.04) at the 0.45 threshold. Finally, each
weighted MSN was normalized.

Graph theoretical metrics for each MSN were calculated
using Brain Connectivity Toolbox®® implemented in
MATLAB. Two metrics were calculated in the current ana-
lysis. Transitivity is the normalized clustering coefficient, nor-
malized across the whole network to reduce sensitivity due to
poorly connected nodes in a graph. As a measure of segrega-
tion, transitivity reflects how much nodes cluster together.
The second measure was Global efficiency, which is defined
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as the average of the inverse of the shortest path length over
the network. It is a measure of network integration.?®

For each MSN metric within each network, a 2 (disinhibition
presence) X 2 (diagnosis) x 5 (threshold) repeated measures
ANCOVA was conducted. We tested for the (between-
subjects) main effects of diagnosis, disinhibition presence,
and their interaction. Threshold was a within-subjects fac-
tor. This was included to ensure that the results were not
threshold-dependent, as there is no agreed-upon threshold
for MSNs in the literature. This resulted in a total of 4 stat-
istical results: network transitivity within the SN, global effi-
ciency within the SN, network transitivity within the CCN,
and global efficiency within the CCN. Covariates in all mod-
els were age, sex, total intracranial volume, days between
MRI and NPI-Q, dementia severity (CDR-SB), scanner
type (dummy coded with Siemens as the reference group),
and education (years). Full models are reported in
Supplemental Tables 1-4. Sensitivity analyses additionally
covarying race are reported in Supplemental Tables 5-8.

Results

There was a significant interaction between diagnosis and
presence of disinhibition for transitivity of the salience net-
work, F(1, 172)=8.92, P=0.003, 1,2 =0.05. Figure 2
shows that individuals with DAT with disinhibition had
higher SN transitivity than individuals with DAT without
disinhibition, whereas individuals with bvFTD and disinhib-
ition had lower SN transitivity than individuals with bvFTD
without disinhibition.

There was a significant interaction between diagnosis and
presence of disinhibition for global efficiency of the salience
network, F(1, 172) =8.06, P =0.005, n,2=0.05. Figure 3
shows that individuals with DAT with disinhibition had
higher SN global efficiency than individuals with DAT with-
out disinhibition, whereas individuals with bvFTD with dis-
inhibition had lower SN global efficiency that individuals
with bvFTD without disinhibition.

There was a significant interaction between diagnosis and
presence of disinhibition for transitivity of the CCN,
F(1, 172)=5.90, P=0.016, n,2=0.03. Figure 4 shows
that DAT with disinhibition did not differ in CCN transitivity
from DAT without disinhibition, whereas bvFTD with disin-
hibition showed lower transitivity than bvFTD without
disinhibition.

L. M. Jenkins et al.

Global efficiency of the CCN differed significantly between
those with versus without disinhibition, F(1, 172)=35.95,
P=0.016, 1,2 =0.03. Figure 5 shows that both DAT and
bvFTD with disinhibition had lower CCN global efficiency
than DAT and bvFTD without disinhibition. Global efficiency
of the CCN was not due to an interaction between diagnosis
and disinhibition, F(1, 172)=3.16, P=0.077, n,2=0.02.
There was also no significant difference in global efficiency of
the CCN between DAT and bvFTID, F(1, 172)=3.69,
P=0.056,n,2=0.02.

Discussion

This is the first study to examine morphometric similarity net-
works (MSNs) as they relate to neuropsychiatric symptoms in
dementia. We focused on two clinical syndromes of dementia
that both experience disinhibition, albeit in different preva-
lence and severity, to determine whether alterations in transi-
tivity and global efficiency of the salience (SN) and cognitive
control (CCN) networks associated with disinhibition were
common across clinical diagnoses. It should be emphasized
that we did not have in vivo or post mortem pathological val-
idation so that this study focuses on behavioural expressions
and symptoms regardless of their biological substrates. In
partial support of our hypothesis, we found that disinhibition
presence was associated with reduced global efficiency of the
CCN, regardless of diagnosis. We therefore suggest that glo-
bal efficiency of the CCN could be an underlying mechanism
of disinhibition that is shared across bvFTD and DAT clinical
syndromes.

We anticipated significant associations between disinhib-
ition and transitivity, as reduced whole-brain transitivity
has been reported in DAT compared to controls using a meth-
od related to MSNs known as structural covariance
networks.?? Furthermore, given previous findings in demen-
tia implicating regions of the salience network in disinhib-
ition (see'” for review) and measures of social functioning
such as interpersonal warmth, socioemotional sensitivity,
and empathy,®*3¢ we predicted that reduced integrity of
the SN (measured using transitivity and global efficiency)
would be associated with disinhibition in our sample.
However, contrary to our hypothesis, our analyses of transi-
tivity of the CCN and SN and of global efficiency of the SN
revealed significant interactions between presence of disin-
hibition and clinical diagnosis. Individuals with bvFTD,
who are more likely to have disinhibition than DAT, have
previously been found to show reduced connectivity of the
SN compared to individuals with DAT, who in turn showed
increased connectivity of the SN (and decreased connectivity
of the default mode network, in contrast to bvFTD).?” These
connectivity profiles are consistent with diagnostic differ-
ences in brain atrophy between DAT and bvFTD.?® These
previous studies suggested that the observed patterns reflect
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Disinhibition and networks in dementia

the strength and deficit profiles of the two diagnoses. In the
present study, however, we explicitly tested the association
between network changes and the symptom of disinhibition,
across diagnoses. Thus, although bvFTD and DAT show
diagnostic differences in brain networks, the symptom of dis-
inhibition, which occurs at least to some extent in both diag-
noses, shares a common underlying neural substrate, that of
decreased global efficiency of the CCN.

A small number of studies have now investigated brain net-
works using graph theory or connectome modelling in demen-
tia;>”*! however, no studies have used MSNs to identify
associations with neuropsychiatric symptoms. Some have ap-
plied graph theory to resting state fMRI data to examine asso-
ciations with neuropsychiatric symptoms, e.g. Golbabaei
et al.** and Ng et al.,*> however these studies only examined
NPI-Q total scores, not disinhibition specifically. Reyes
et al.** measured behavioural changes in FTLD clinical var-
iants using the Frontal System Behaviour Scale (FrSBe) Total
and Inhibition scores, and found that increased whole-brain
global efficiency was related to more severe deficits on the
FrsBe. These results are in the opposing direction to our find-
ings; however, Reyes et al. measured resting state functional
connectivity, which is often associated with increases that are
interpreted to be compensatory. A study of cognitively normal
individuals from the Human Connectome Project (HCP)*
used MSNs to study inhibitory control using the flanker
task. Using connectome predictive modelling they found that
inhibitory control ability was predicted by morphometric simi-
larity in several prefrontal regions, in particular the OFC and
inferior frontal gyrus. These HCP results, combined with the
present findings, indicate that morphometric similarity, includ-
ing of prefrontal regions, can predict inhibitory control.

Several existing studies have implicated non-frontal regions
in disinhibition in dementia syndromes. For example,
Zamboni et al.*® found disinhibition severity correlated with at-
rophy in the right superior temporal sulcus, right mediotempor-
al limbic structures and right nucleus accumbens. Santillo
etal." found disinhibition was associated with reduced cortical
thickness in the right insula and parahippocampal gyrus. They
(and others*”) also found that disinhibition was associated with
reduced integrity of the uncinate fasciculus, which connects the
anterior temporal lobe to orbitofrontal cortex. These studies,
together with the results presented here, call into question the
conceptualization of disinhibition as a ‘prefrontal’ syn-
drome.”"® Similar to our theoretical model that posits that
the most severe disinhibition is observed when there is either
damage to both the ventromedial prefrontal cortex (VMPFC),
including OFC, and the amygdala or a disconnection of the
VMPFEC and amygdala, others have suggested a loss of control
of limbic system by the frontal system that results in disinhib-
ition,*® and that the breakdown of connections between the
temporal lobe and OFC is important for disinhibition, rather
than isolated loss of specific functions.” Consistent with this no-
tion, in a transdiagnostic study of individuals with dementia, in-
cluding frontotemporal dementia subtypes and DAT, Multani
et al.*® found that resting state fMRI of the left inferior temporal
gyrus anterior division to the bilateral frontal pole and
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paracingulate gyrus was positively associated with social cogni-
tion. Other studies have found frontoparietal connectivity
changes to be associated with behavioural impairment in indi-
viduals at risk for dementia. Matsuoka ez al.*” examined resting
state fMRI in individuals with amnestic MCI and found that
lower frontoparietal control network connectivity was asso-
ciated with more severe Total and affective dysregulation score
on the Mild Behavioural Impairment checklist (MBI-C). This
finding supports our results as the CCN in the present study
was comprised of the frontoparietal and dorsal attention net-
works.?! Thus, dysconnectivity of widely distributed brain re-
gions is posited and has been shown in previous research to
be associated with disinhibition. The main finding of the present
study that reduced global efficiency of the CCN is associated
with presence of disinhibition in both DAT and bvFTD sup-
ports previous findings that disinhibition is associated with re-
duced connectivity of distributed brain regions and indicates
that disinhibition is associated with reduced integration of in-
formation from distant brain regions implicated in cognitive
control.

Limitations

This study has several limitations. First, MSNs are only a
proxy for anatomical connectivity, as they measure the similar-
ity of pairs of cortical regions based on the seven morphomet-
ric features. High similarity between regions could indicate
shared contribution by heredity when organizing groups of
brain areas that develop together in evolution, or they could
also reflect experience-related plasticity in a set of brain re-
gions.* However, MSNss have been found to be robust, cap-
ture functional, cellular, and molecular features of the brain,
and predict inter-individual differences in cognition.”> MSNs
capture known cortical cytoarchitecture and axonal connectiv-
ity, and grey matter networks have been shown to overlap with
functional brain networks.’® Another limitation is the group
difference in age, as bvFTD has a much earlier mean age of on-
set than DAT. We attempted to account for this by covarying
age in all analyses. There was also a lack of racial diversity in
our sample, limiting the generalizability of the findings. This
limitation has been common in research on the biology of cog-
nitive and emotional aging and requires ongoing emphasis on
recruitment of under-represented communities. Another limi-
tation is that we only examined cortical regions. In particular,
the amygdala is a key node of the salience network. Results for
the SN may have been different were we to have included the
amygdala in this MSN, as, for example, atrophy of functional
networks connected to the amygdala has been shown to relate
to different types and severity of social impairments in
FTLD.>! We chose to utilize the Ji et al.*' functional network
assignment of the Glasser et al.*° atlas, however different atlas
choices may have affected the results. Another limitation is the
unequal proportions of disinhibition between bvFTD and
DAT. Whilst reflective of prevalence, it is possible that the
DAT group was underpowered to detect effects of disinhib-
ition presence. The use of the NPI-Q is a strength on one
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hand as it is the most widely utilized, ‘gold-standard’ measure
of neuropsychiatric symptoms in dementia, but also a limita-
tion because it does not assess disinhibition comprehensively.
Other researchers have examined disinhibition in bvFTD using
multidimensional measures, including compulsivity and social
disinhibition, and identified differential patterns of atrophy’’
and white matter changes.*” The CDR-SB was also designed
for DAT, not bvFTD, therefore this covariate may have been
biased. Another potential limitation is that we relied on clinical
diagnoses rather than autopsy- or biomarker-confirmed diag-
noses. However, we argue that because we hypothesized that
the effects of disinhibition would be transdiagnostic, this is
less of a concern. Despite these limitations, this study has sub-
stantially improved our previously very limited understanding
of the relationships between disinhibition and structural brain
networks.

Conclusions and future
directions

In the first study to use MSNis to study disinhibition in demen-
tia, we found that individuals with disinhibition had signifi-
cantly lower global efficiency of the CCN than individuals
without disinhibition, regardless of clinical dementia
syndrome. This study included individuals with different
underlying disease types in an attempt to identify a
disease-independent network association, as individuals can
have multiple neuropathologies at once, and there is also het-
erogeneity of clinical presentations. Future work could exam-
ine whether these findings extend to disinhibition in other
forms of dementia associated with neurodegenerative dis-
eases, such as Parkinson’s®* and Huntington’s disease.’”
rsfMRI data is not available in the FTLDNI dataset, but fu-
ture research should investigate whether the structural net-
work findings reported here can be replicated using resting
state fMRI. This would be an important step on the path to
identifying the potential for intervention at the level of the
CCN to target disinhibition. Overall, the results of the pre-
sent study indicate reduced global efficiency of the CCN in in-
dividuals with disinhibition, regardless of a clinical diagnosis
of bvFTD or DAT, suggesting that transdiagnostically, disin-
hibition in dementia may be characterized by reduced ability
of the cognitive control network to rapidly and effectively
transfer information from distributed brain regions.

Supplementary material

Supplementary material is available at Brain Communications
online.
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