of Clinical and Translational Neurology

RESEARCH ARTICLE

AMERICAN

@NE

UROLOGICAL
ASSOCIATION

Open Access

Neural correlates of fat preference in frontotemporal
dementia: translating insights from the obesity literature

Rebekah M. Ahmed'-?
Matthew C. Kiernan'2

, Nga Yan Tse?, Yu Chen?
, Muireann Irish*>, I. Sadaf Farooqi® & Olivier Piguet*>

, Elana Henning?, John R. Hodges**#,

"Memory and Cognition Clinic, Department of Clinical Neurosciences, Royal Prince Alfred Hospital, Sydney, NSW, Australia

2Central Sydney Medical School and Brain & Mind Centre, The University of Sydney, Sydney, NSW, Australia

3University of Cambridge Metabolic Research Laboratories, Wellcome Trust-MRC Institute of Metabolic Science, the NIHR Cambridge Biomedical
Research Centre, Addenbrooke’s Hospital, Cambridge, United Kingdom

4ARC Centre of Excellence of Cognition and its Disorders, Sydney, NSW, Australia

>School of Psychology and Brain & Mind Centre, The University of Sydney, Sydney, NSW, Australia

Correspondence

Rebekah M. Ahmed, Brain and Mind Centre,
University of Sydney, 94 Mallet St
Camperdown, Sydney, NSW, Australia 2050.
Tel: +61 2 91144250; Fax: +61 2 9515 7843;
E-mail: rebekah.ahmed@sydney.edu.au

Funding Information

This work was supported in part by funding
to Forefront, a collaborative research group
dedicated to the study of frontotemporal
dementia and motor neurone disease, from
the National Health and Medical Research
Council of Australia (NHMRC) program grant
(#1037746 to OP, MK and JRH) and the
Australian Research Council Centre of
Excellence in Cognition and its Disorders
Memory Program (#CE110001021 to OP and
JRH) and other grants/sources (NHMRC
project grant #1003139 to OP) and Royal
Australasian College of Physicians, MND
Research Institute of Australia. We are
grateful to the research participants involved
with the ForeFront research studies. RA is a
NHMRC Early Career Fellow (#1120770).
MCK was supported by an NHMRC
Practitioner Fellowship (#1156093), and Ml is
supported by an Australian Research Council
Future Fellowship (FT160100096). OP is an
NHMRC Senior Research Fellow (#1103258).

Received: 13 January 2021; Revised: 28
March 2021; Accepted: 11 April 2021

Annals of Clinical and Translational
Neurology 2021; 8(6): 1318-1329

doi: 10.1002/acn3.51369

1318

Abstract

Objective: Alterations in eating behaviour are one of the diagnostic features of
behavioural variant frontotemporal dementia (bvFTD). It is hypothesised that
underlying brain network disturbances and atrophy to key structures may affect
macronutrient preference in bvFTD. We aimed to establish whether a prefer-
ence for dietary fat exists in bvFTD, its association with cognitive symptoms
and the underlying neural mechanisms driving these changes. Methods: Using a
test meal paradigm, adapted from the obesity literature, with variable fat con-
tent (low 20%, medium 40% and high 60%), preference for fat in 20 bvFTD
was compared to 16 Alzheimer’s disease (AD) and 13 control participants. MRI
brain scans were analysed to determine the neural correlates of fat preference.
Results: Behavioural variant FTD patients preferred the high-fat meal compared
to both AD (U = 61.5; p = 0.001) and controls (U = 41.5; p = 0.001), with
85% of bvFTD participants consistently rating the high-fat content meal as
their preferred option. This increased preference for the high-fat meal was asso-
ciated with total behavioural change (Cambridge Behavioural Inventory:
re = 0.462; p = 0.001), as well as overall functional decline (Frontotemporal
Dementia Rating Scale: r, = —0.420; p = 0.03). A preference for high-fat con-
tent in bvFTD was associated with atrophy in an extended brain network
including frontopolar, anterior cingulate, insular cortices, putamen and amyg-
dala extending into lateral temporal, posteromedial parietal and occipital cor-
tices. Conclusions: Increased preference for fat content is associated with many
of the canonical features of bvFTD. These findings offer new insights into
markers of disease progression and pathogenesis, providing potential treatment
targets.
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Introduction

Increasing evidence indicates that changes in metabolism
and eating behaviour play a key role in the pathogenesis
and disease progression of the neurodegenerative condi-
tions of frontotemporal dementia (FTD) and amyotrophic
lateral sclerosis (ALS).! These two disorders are often
linked by a common pathology and shared genetic features
with a repeat expansion of the C9orf72 gene being the most
common genetic abnormality across both disorders.

Changes in eating behaviour are one of the core diag-
nostic criteria for the diagnosis of behavioural-variant
FID (bvFID),> with increased total caloric intake and
sucrose preference highly indicative of a diagnosis of
bvFTD.* Eating abnormalities have been linked to alter-
ations in complex neural networks involving the hypotha-
lamus,” interacting with reward and autonomic pathways*
and have been linked to a range of complex metabolic
changes including an increase in body mass index (BMI),
dyslipidaemia and insulin resistance.® Recent evidence has
shown that lipid changes and changes in eating behaviour
are associated with improved survival along the FTD-ALS
spectrum.”® Changes in eating behaviour in bvFTD have
also been associated with hypothalamic atrophy and dis-
turbances in key hypothalamic peptides including agouti-
related protein (AgRP). AgRP plays a central role in the
melanocortin pathway with increased AgRP level in
bvFTD hypothesised as a possible cause of increased calo-
ric intake in this syndrome.’

The melanocortin system is a critical central nervous sys-
tem pathway involving the hypothalamus that plays a foun-
dational role in eating and metabolism. Recent obesity
research has shown that preferences in macronutrient
intake may be associated with changes in melanocortin sig-
nalling with melanocortin MC4R pathway deficiency
patients displaying a strong preference for high-fat foods.”
Reduced melanocortin pathway function due to reduced
proopiomelanocortin (POMC) mRNA levels, but increased
AgRP mRNA levels have been found in both TDP-43 and
FUS ALS mouse models and following starvation associated
with increased overall food intake.'® Increased AgRP levels
are found in both bvFID and in obese patients. In the
obese population, this increased level has been hypothe-
sised to result in increased caloric intake and fat preference
following starvation.” While mounting evidence points to
some commonalities between bvFTD and obesity, no study
to our knowledge has empirically documented whether
patients with bvFTD also display an increased preference
for high-fat content foods.

Here, we aimed to address this gap in the literature by
investigating fat preference in bvFID using a novel eco-
logically valid experimental paradigm adapted from the
obesity literature, and to delineate the neural mechanisms
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associated with this change in fat preference. We hypothe-
sised that patients with bvFTD would show an increased
preference for high-fat content food and this would be
associated with degeneration of key frontal and temporal
brain regions known to support reward and autonomic
processing.

Methods

Participants

Twenty individuals diagnosed with bvFTD (n = 20) were
compared to disease-matched cases of Alzheimer’s disease
(AD) (n = 16) and 13 control subjects. Participants were
recruited from the FRONTIER clinic at the Brain and Mind
Centre, the University of Sydney, Australia. Diagnostic
assessment comprised a comprehensive neuropsychological
assessment and neurological examination, and a structural
brain MRI. Diagnosis was determined by multidisciplinary
consensus by a neurologist and neuropsychologist in accor-
dance with current clinical diagnostic criteria.”'' Disease
severity was assessed by the Frontotemporal Dementia Rat-
ing Scale.'” Healthy control participants were matched for
age, education and BMI. All controls scored above the cut-
off score (88/100) on the Addenbrooke’s Cognitive Exami-
nation (ACE-III)."*'* Additional cognitive measures
included the Trail Making Test (TMT) as an index of exec-
utive function,'”” and the Facial Affect Selection Task
(FAST) to assess emotion processing.'® Height and weight
were measured (shoes removed) to derive the BMI. All car-
ers of participants completed the revised Cambridge Beha-
viour Inventory (CBI-R') to determine severity of
behavioural symptoms, comprising a total score, as well as
10 subdomain scores including eating habits.

Ethics statement

This study was approved by the South Eastern Sydney
Local Health District and the University of New South
Wales ethics committees. All research was conducted in
accordance with the relevant guidelines (STROBE) and
regulations and informed written consent was obtained
from all participants.

Data availability

The data that support the findings of this study are avail-
able from the corresponding author on request.

Eating behaviour and fat preference

Preference for fatty food was measured through an ad libi-
tum lunch test meal, adapted from obesity research,’
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where fat content was covertly manipulated by varying
the amount of canola oil added to the meal. Participants
were offered three options of a chicken korma meal vary-
ing only in fat content (low: 20%; medium: 40%; high:
60%). All participants were first offered a 10-g tasting pot
of each meal and asked to rank on a visual analogue scale
(VAS) from 0 to 10 (5 = neutral) how much they liked
each meal (ie. liking rating of meal), how fatty it was
(i.e. perceived fattiness of the meal) and which meal was
their favourite (i.e. meal choice). Following the ratings,
participants were encouraged to eat any of the three
meals until they were comfortably full. Following the
completion of the meal, amount (in grams) of each ver-
sion of the meal eaten was recorded. Patients were not
allowed to add any condiments to change the taste or
nutritional content of the meals and each meal had com-
parable appearance and palatability.

To capture changes in everyday eating behaviour, the
eating habits subdomain score was extracted from the
CBI-R. In addition, carers were asked to complete the
Appetite and Eating Habits Questionnaire (APEHQ).'®

Statistical analyses

Data were analysed using SPSS Statistical software, ver-
sion 24.0. Demographic variables (i.e. age, education,
BMI and ACE-III total score) and eating behaviour results
(i.e. the amount of meal consumed, and the CBI-R eating
habits subdomain score and total score) were compared
across groups (AD, bvFTD and controls) using one-way
analysis of variance (ANOVA) followed by Tukey HSD or
Games-Howell post hoc tests in case of violation of
homogeneity of variances assumption. Categorical vari-
ables (i.e. sex and meal choice) were analysed using Chi-
squared tests. Other clinical (i.e. disease duration, FRS)
and eating behaviour (i.e. APEHQ total score) variables
specific to patient groups were analysed using indepen-
dent sample ¢-tests.

Comparisons of meal choice across groups were exam-
ined using Chi-square tests followed by post-hoc compar-
isons. Similarly, comparisons of meal ratings across
groups (liking ratings and perceived fattiness) were exam-
ined using nonparametric Kruskal-Wallis tests followed
by post-hoc Mann—Whitney tests. Wilcoxon-signed ranks
tests were used to explore within-group differences in the
perceived fattiness of each meal. Associations between lik-
ing ratings and relevant clinical variables (e.g. ACE scores,
APEHQ total score) were examined using Spearman rank
correlations. Finally, linear regression analyses were run
to explore whether fattiness perception (i.e. the rating of
perceived fattiness of the meal) predicted meal liking (i.e.
liking rating of the meal) in each participant group sepa-
rately.

R. M. Ahmed et al.

Imaging
Brain imaging acquisition

The majority of participants (bvFTD = 17; AD = 13; con-
trols = 13) underwent whole-brain structural MRI (3T
GE Discovery MR750 scanner), fitted with a standard 8-
channel head coil. High-resolution T1-weighted images
were acquired using the following protocol: matrix
256 x 256, 200 slices, 1 mm?> in-plane resolution, slice
2.6ms, repetition

thickness = 1 mm, echo time =

time=5.8ms and flip angle=8°.

Voxel-based morphometry analysis

VBM analysis was conducted on the T1-weighted images,
using the FMRIB Software Library (FSL) package, version
6.0.0 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). In the
first instance, brain extraction was conducted using the
BET algorithm in FSL.'® Each extracted scan was visually
checked to ensure that no brain matter was excluded and
no non-brain matter (e.g. dura mater, skull) remained.
Brain extracted images were then segmented into cere-
brospinal fluid, grey matter and white matter using the
FMRIB Automatic Segmentation Tool?® (FAST). Follow-
ing which, the grey matter partial volumes were non-lin-
early registered to the Montreal Neurological Institute
Standard space (MNI152) using FNIRT with a b-spline
representation of the registration warp field. An equal
number of the registered grey matter images from each
group (a total of 39 scans) was selected and concatenated
into a grey matter template specific to this study with
non-linear (non-affine) registration to ensure equal repre-
sentation and minimise potential bias. Each voxel of each
registered grey matter image was divided by the Jacobian
of the warp field to correct for any contraction/enlarge-
ment caused by the non-linear component of the trans-
formation. Smoothing of the segmented and modulated
normalised grey matter images was then conducted using
a Gaussian kernel of 3 mm.

Whole-brain general linear models were performed to
explore neural correlates of fatty food preference. First,
differences in the pattern of cerebral grey matter intensity
between each patient group and controls (i.e. AD vs. con-
trols; and bvFTD vs. controls) were examined using inde-
pendent ¢ tests to identify the pattern of whole-brain
atrophy within each patient group. Next, separate analyses
were conducted on each patient group (combined with
controls to increase power)*' to determine disease-specific
neural correlates of fatty food preference using the Liking
Rating for the high-fat content meal. A negative t-contrast
was run exploring associations between higher preference
ratings for the high-fat content meal and lower grey
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http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM

R. M. Ahmed et al.

matter intensity across the entire brain. For all analyses,
significance was set at p < 0.001 uncorrected for multiple
comparisons, with a cluster extent threshold of 100 con-
tiguous voxels.

Results

Demographics

No significant group differences were found for age, level
of education and BMI (Table 1). Sex distribution differed
across groups, with more males than females in the
bvFTD group (p = 0.004) and the reverse distribution in
the control group (p = 0.007; see Table 1). Importantly,
the patient groups did not differ in disease duration or
disease severity as measured by the FRS (both p val-
ues > 0.05). Compared with controls, both bvFTD
(p <0.001) and AD (p < 0.001) groups demonstrated sig-
nificantly poorer overall cognitive performance (ACE-III
total score), with the AD group also scoring lower than
the bvFTD group (p = 0.006). Characteristic impairments
in emotion processing were also observed in bvFTD
(p =0.001) and AD (p = 0.002) relative to controls. Both
bvFTD and AD showed behavioural disturbances with
disproportionate impairments in bvFID relative to AD
(CBI Total: p = 0.005).

In terms of eating changes, bvFTD patients were rated
as displaying greater alterations in eating habits (CBI-R
eating habits subdomain: p < 0.001), as well as significant

Neural Correlates of Fat Preference in FTD

changes in everyday eating behaviours (APEHQ total
scores: p = 0.002) compared with the AD group.

Lunch test meal and fat preference

A Chi-square test revealed a significant group difference
in terms of meal choice (p = 0.001; v =21.851). Post-
hoc comparisons revealed that a significantly higher pro-
portion of bvFTD patients (85%) selected the high-fat
content meal (60% fat content), and least commonly the
low-fat content meal (20% fat content), as their preferred
meal (both p values <0.001). In contrast, AD patients
(p = 0.009) and controls (p = 0.036) were more likely to
choose the low-fat content meal, with only 19% of AD
and 23% of controls choosing the high-fat content
option.

Within-group Wilcoxon-signed ranks tests revealed that
bvFID, AD and controls demonstrated the expected sig-
nificantly higher perceived fattiness rating in the high-fat
meal compared to the medium- and low-fat meal; and in
the medium-fat meal compared to low-fat meal (all p val-
ues <0.014), with an effect approaching statistical signifi-
cance in the AD group for high- versus medium-fat meal
(p = 0.053). This suggests that all groups could success-
fully differentiate among the low-, medium- and high-fat
content meals in terms of their perceived fattiness
(Fig. 1). Furthermore, between-group Kruskal-Wallis tests
revealed that control participants labelled all meals as sig-
nificantly more fatty than the AD or bvFTD groups (all

Table 1. Demographic and clinical characteristics of patient groups and healthy controls.

Controls (n = 13) bvFTD (n = 20) AD (n = 16) F p Post-hoc
Gender (Male/Female) 3/10 16/4 8/8 10.569" 0.005 -
Male 3 16 8 — 0.004 bvFTD > AD, Controls
Female 10 4 8 - 0.007 Controls > AD, bvFTD
Age (years) 66.5 + 6.8 62.7 +£7.9 65.1 + 9.1 0.998 0.376 -
Education (years) 152 + 4.3 12.3 + 3.9 13.7 £ 2.7 2.243 0.118 -
BMI 256 £ 4.5 303 + 86 25.5 + 3.9 2.953 0.064 -
ACE Total (/100) 95.7 £ 3.5 76.4 + 14.6 61 +17.9 40.608 <0.001 Controls > bvFTD and AD;
bvFTD > AD
TMT B-A Time (seconds) 36.9 + 38.5 97.7 £ 76.4 87.6 +91.9 4.619 0.022 Controls < bvFTD, AD
FAST (/42) 404 + 1.3 304 £79 284+ 7.8 17.275 <0.001 Controls > bvFTD, AD
Disease duration (months) - 52+ 3.6 35+ 15 —1.933? 0.064 -
FRS (Rasch) - 0.3 + 2.1 1.2 +13 1.0852 0.293 -
CBI-R
Total score 35+ 3.7 413 + 145 26.8 + 10.7 79.077 <0.001 bvFTD > AD > Controls
Eating habits score 1.7+29 447 + 20.9 1.3+ 119 41.473 <0.001 bvFTD > Controls, AD
APEHQ total - 63.3 + 41.7 15.3 + 13 —3.820? 0.002 bvFTD > AD

Means =+ standard deviation.

ACE, Addenbrooke’s Cognitive Examination; AD, Alzheimer’s disease; APEHQ, Appetite and Eating Habits Questionnaire; BMI, Body Mass Index;
bvFTD, behavioural-variant frontotemporal dementia; CBI-R, Cambridge Behavioural Inventory—Revised; FAST, Facial Affect Selection Task; FRS,

Frontal Rating Scale; TMT, Trail Making Test.
"Chi-square value.
2Independent sample t-test value.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

1321



Neural Correlates of Fat Preference in FTD

R. M. Ahmed et al.

e AD t 3
= bvFTD Kk |
A Controls | *
*
10' | A
7 * A A A
A 1 A o A A A (] -
(7]
.dE, T A AAA " } 000000 [TTT]
‘C-U' " A é ° . A A4 ° un
= T
‘16 5— A A A ) T XYyl TELL] A -L m%-
-g’ - ° . % T A °
"6 - A A xXxx [ . eoe s
(1’4
- A A A o0 snnwm o0 .
0

1
Low fat content meal

1
Medium fat content meal

|
High fat content meal

Figure 1. Bar plots displaying perceived fattiness rating of each meal. Each dot represents each individual data point; error bars represent
standard error of the mean (SEM). AD, Alzheimer’s disease; bvFTD, behavioural-variant frontotemporal dementia. *p < 0.05, **p < 0.001.

values p < 0.05), whereas bvFTD and AD groups did not
differ for their perceived fattiness ratings of each meal (all
p values > 0.05), supporting the fact that the AD and
bvFTD group had a similar perception of fattiness.
Finally, we explored the liking ratings assigned by par-
ticipants to each of the test meal options. BVFTD patients
rated the high-fat content meal significantly more favour-
ably compared to both AD (U = 61.5; p = 0.001) and
controls (U = 41.5; p = 0.001; Fig. 2 and Table 2), with
no significant differences observed between AD and con-
trols (p > 0.05). Liking ratings for the low- and medium-
fat content meals were not found to differ across groups
(all p values >0.05), suggesting the preference for the
high-fat content meal was specific to the bvFTD group.
In light of the statistical differences in sex distribution
driven by the bvFTD group, an additional one-way analy-
sis of covariance (ANCOVA) was performed to compare
the differences in liking rating of the high-fat meal
between groups with sex included as a covariate. After
controlling for the confounding effect of sex, differences
in the liking rating between diagnosis groups remained
highly significant (p = 0.003) with a large effect size (par-
tial eta® = 0.225). Subsequent post-hoc comparisons
revealed that bvFTD continued to demonstrate signifi-
cantly higher liking ratings for the high-fat content meal
compared to both AD (p=0.013) and control

1322

(p = 0.007) groups after accounting for the effect of sex.
The groups did not differ in the total amount of the cho-
sen meal that they consumed for lunch.

A linear regression using perceived fattiness as the pre-
dictor and liking rating for high-fat meal as the depen-
dent variable was performed to further examine whether
perceived level of fattiness predicted preference for high-
fat food. The level of perceived fattiness rating for the
high-fat content meal was not found to be a significant
predictor of the liking rating within the AD (p = 0.769),
bvFTD (p = 0.069) or control (p = 0.336) groups. This
supports our assertion that the fatty food preference
observed in the bvFTD group was not primarily driven
by an effect of fattiness perception.

Associations between eating behaviour and
clinical measures

Across the entire participant sample (n = 49), liking rat-
ings for the high-fat content meal were significantly and
positively correlated with the CBI-R total (r; = 0.462;
p=0.001) and CBI-R eating habits subdomain
(ry = 0.493; p = <0.001) scores. Liking of the high-fat
content meal was also correlated with greater functional
impairment (FRS: r; = —0.420; p = 0.037), as well as
emotion  processing  disturbances  (total = FAST;

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Figure 2. Bar plots depicting liking rating of each meal. Each dot represents each individual data point; error bars represent standard error of the
mean (SEM). AD, Alzheimer’s disease; bvFTD, behavioural-variant frontotemporal dementia. **p < 0.001 compared to both AD and controls.

Table 2. Fat preference results in patient groups and healthy controls.

Controls bvFTD
(n=13) (n =20) AD (n = 16) H p Post-hoc
Meal choice as most liked (low/medium/high) 7/3/3 1/2/17 8/4/3 21.851" <0.001 —
Low-fat content 7 1 8 - 0.046  More likely: AD
<0.001  Less likely: bvFTD
3 2 4 - _

Medium-fat content
High-fat content 3 17 3 - 0.009  Less likely: AD
<0.001  More likely: bvFTD
0.036  Less likely: Control

Liking rating of low-fat content meal (/10) 592 + 1.94 5.30 + 1.69 6.94 + 2.02 5347 0.069 —

Liking rating of medium-fat content 585+ 2.19 595 + 2.26 6.63 +£2.28 1.038 0.595 -
meal (/10)

Liking rating of high-fat content meal (/10) 4.69 £ 2.56 7.60 £ 1.54 531+ 218 15.203 <0.001  bvFTD > AD, Controls
Perceived fattiness rating of low-fat content 4.0 £ 1.58 2.50 + 1.47 238+ 1.46 8.056 0.018  Controls > AD, bvFTD
meal (/10)

Perceived fattiness rating of medium-fat 592 £ 1.75 3.47 £ 1.90 3.63 &£ 2.13 11.885 0.003  Controls > AD, bvFTD
content meal (/10)

Perceived fattiness rating of high-fat 7.15 + 1.73 484 +2.17 488 +£ 245 9.058 0.011 Controls > AD, bvFTD
content meal (/10)

Amount of the chosen meal consumed 2252 £ 585 2564 +£98.6 209.2 + 784  10.225 0.305 -
(gram)

Means =+ standard deviation. H, Kruskal-Wallis test statistic; Post-hoc = Mann-Whitney U post-hoc comparison results.
AD, Alzheimer disease; bvFTD, behavioural-variant Frontotemporal Dementia.
TChi-square value.
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rs = —0.394; p = 0.013) and executive dysfunction (TMT
B-A time; r; = 0.355; p =0.011), confirming that the
increased fat preference correlated with core cognitive fea-
tures of bvFTD.

Additional exploratory correlational analyses were con-
ducted exclusively within the bvFTD group. Significant
and positive correlations emerged between liking ratings
for the high-fat content meal and executive dysfunction
(TMT B-A time; r; = 0.657; p = 0.004). However, no sig-
nificant associations were found between liking ratings
and the CBI-R, functional impairment (FRS scores) or
emotion processing disturbances (total FAST; all p values
>0.05). However, it is important to take into account the
fact that power to detect statistical significance may be
limited in light of the smaller sample size (20 bvFTD
patients), when considered together with the small vari-
ance in behavioural abnormalities and clinical severity in
the current sample of bvFTD patients. In line with this,
the association between FAST scores and liking ratings
for the high-fat content meal was approaching signifi-
cance (p = 0.058) with a high r, value of —0.439.

VBM results
Patterns of whole-brain atrophy

Compared with controls, bvFTD showed characteristic
cortical and subcortical grey matter intensity reduction
predominantly in bilateral frontal poles extending into
frontal orbital cortex, insular cortex, putamen and amyg-
dala, as well as bilateral temporal pole, lateral occipital
cortex and cerebellum, and right anterior cingulate and
paracingulate gyrus (see Table S1). The AD group, in
contrast, demonstrated the typical cortical and subcortical
grey matter intensity reduction reported previously, lar-
gely concentrated in the left temporal lobe and hip-
pocampus, and bilateral lateral occipital cortex, putamen
and amygdala.

Neural correlates of high-fat preference

Associations between grey matter intensity and liking rat-
ing of the high-fat content meal were carried out sepa-
rately for each patient group combined with controls (i.e.
bvFTD with controls and AD with controls) in order to
identify the associations between grey matter reduction
and fatty food preference specific to each dementia syn-
drome.

In bvFTD combined with controls (Fig. 3, Table 3),
significant associations were identified predominantly in
bilateral frontopolar and insular cortex, right paracingu-
late gyrus, anterior and posterior cingulate gyrus, middle
temporal gyrus and lateral occipital cortex. Subcortical

R. M. Ahmed et al.

regions including the bilateral putamen and left amygdala
were further implicated. In AD combined with controls,
no significant results were detected at the cluster thresh-
old of 100 contiguous voxels.

Further exploratory analyses were run with age
included as a covariate variable (see Table S1) and focus-
ing on the bvFTD group only (see Table S2) using a
more liberal threshold at p < 0.01 (uncorrected) with a
cluster threshold of 50 contiguous voxels was used to
compensate for the impact of an additional covariate vari-
able and a smaller sample size on statistical power.
Within the bvFTD group only, bilateral superior occipital
cortex extending into angular gyrus and middle temporal
cortex, bilateral frontal pole as well as left insular cortex,
frontal medial and orbital cortex, posterior cingulate
gyrus and right anterior cingulate and paracingulate gyrus
were implicated in higher liking rating of the high-fat
content meal. After controlling for the effect of age, left
putamen, right inferior lateral occipital cortex and adja-
cent inferior and middle temporal gyrus, and right
paracingulate gyrus and anterior cingulate gyrus were
found to be associated with liking rating of the high-fat
content meal in bvFTD group combined with controls.
Opverall, these analyses revealed largely similar regions of
anterior and posterior cingulate, middle temporal gyrus
and occipital cortices were significantly associated with
liking rating of the high-fat content meal.

Discussion

It is increasingly recognised that changes in eating beha-
viour and metabolism are associated with neurodegenera-
tion"?% however, it has not been known whether these
changes are specific to certain macronutrients and
whether these changes are related to central brain neu-
rodegeneration. For the first time in bvFTD, we have
quantified the degree of fat preference using an ecologi-
cally valid ad libitum test meal paradigm. Using voxel-
based morphometry analyses we identified the potential
neural drivers of this increased preference for fat content.
In line with our original hypotheses, we found a strong
preference for fat exclusively in the bvFID group, with
over 85% of cases selecting the meal option with the
highest fat content. This preference for fat content was
not evident in either the AD or healthy control groups,
suggesting a fundamental change that is specific to the
pathogenesis of bvFTD.

Looking at potential associations between the increased
preference for fat content and clinical variables in bvFTD
revealed important clues regarding the potential mecha-
nisms underlying this effect. Liking ratings for the high-
fat option were correlated with overall disease staging on
the FRS along with key discriminatory cognitive features
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Figure 3. Voxel-based morphometry analyses showing grey matter intensity reduction that correlates significantly with higher liking rating of the
high-fat content meal in bvFTD group combined with controls. Coloured voxels show significant grey matter intensity reduction at the threshold
of p < 0.001 (uncorrected) with a cluster threshold of 100 contiguous voxels. L, Left hemisphere; R, Right hemisphere.

Table 3. Voxel-based morphometry results of significant grey matter intensity reduction that correlates significantly with liking rating of the high-
fat content meal in each patient group combined with controls.

MNI coordinates

Cluster size,
Group voxels X Y V4 Brain regions
bvFTD 558 -50 -82 18 Left lateral occipital cortex extending into angular gyrus
487 -20 -10 -10 Left amygdala extending into putamen and insular cortex
465 10 28 20 Right paracingulate gyrus extending into anterior cingulate gyrus
225 38 -8 —4 Right insular cortex extending into right putamen
146 52 42 4 Right frontal pole
144 64 -58 —4 Right middle temporal gyrus
110 58 -70 4 Right lateral occipital cortex, inferior division extending into
middle temporal gyrus
104 22 58 12 Right frontal pole
101 12 -38 2 Right posterior cingulate gyrus extending into right thalamus
AD NS - - - -

All t values reported >4.454.

Significant grey matter intensity reduction in each patient group combined with controls voxel-wise at the threshold of p < 0.001 (uncorrected)
with a cluster threshold of 100 contiguous voxels.

AD, Alzheimer's disease; bvFTD, behavioural-variant Frontotemporal Dementia; MNI, Montreal Neurological Institute; NS, No significant results.

of bvFTD, including eating changes, executive dysfunction associated with a number of the canonical features of
and facial emotion processing,> Collectively, these find- bvFTD and may form an indicator for disease progression
ings suggest that an increased preference for fat content is and pathogenesis. Importantly all participants were able
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to detect changes in perceived fattiness across all the meal
options and there was no difference in perceived fattiness
between the AD and bvFTD groups. Our linear regression
modelling demonstrated that perceived perception of fat
content did not predict liking ratings in either the patient
or control groups, suggesting that changes in fat prefer-
ence are likely due to factors other than the perception or
taste of fat. A candidate mechanism in this regard is the
direct neural response to fat; however, this proposal
requires validation in further empirical studies. While
there was no statistical significance difference between the
total amount of the meal consumed between the groups,
as expected the bvFTD group tended to consume a
greater total amount. Increased intake of foods by
patients with bvFTD has been well documented and
forms one of the major diagnostic features.

Increased liking for high-fat content on the test meal in
bvFTD was associated with grey matter intensity decrease
in a distributed neural network involving the frontoinsular
cortices, middle temporal gyrus, anterior and posterior cin-
gulate gyrus, bilateral occipital cortex as well as subcortical
regions including the left amygdala, and bilateral putamen.
Frontoinsular cortices are one of the earliest regions tar-
geted by the bvFTD pathological process** and are typically
implicated in the many socioemotional disturbances char-
acteristic of this syndrome.?® Frontopolar regions are com-
monly implicated in decision-making processes, including
evaluating the outcomes of decisions,”® and may reflect the
cognitive evaluation of different choices in the test meal
paradigm. Increased fat preference also correlated with
atrophy in the middle temporal gyrus, a region known to
be associated with emotion processing and semantic pro-
cessing, suggesting that knowledge of foods may play a role
in changes in fat preference.**’

We further found evidence for anterior and posterior
cingulate gyrus involvement in changes in fat preference
in bvFTD potentially reflecting the integrative roles of
these regions in supporting anticipation of reward, task
reinforcement®®*’ and in controlling visceromotor, endo-
crine and skeletomotor outputs,”® potentially via integra-
tion of cognitive with autonomic information.*’ In
healthy individuals, activity of the cingulate cortex has
been associated with increased BMI suggesting a role for
this structure in regulating eating.’> These cognitive
aspects likely interact with reward processes via connec-
tions between the anterior cingulate cortex and insula
which are implicated in the integration of taste via con-
nections with the gustatory cortex in the insula,” and
reward, acting as a relay centre between the basal ganglia
and frontal structures.”® The insula has been shown to
regulate the processing of external sensory information
linked to reward processing® and together with the ante-
rior cingulate cortex forms the salience network.”* The
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insula has been implicated extensively in food intake,*®
and benefits from extensive connections with orbitofron-
tal cortex and anterior cingulate cortex regions that
undergo changes between obese and lean individuals.*”*®
The insula is also involved early in the course of bvFTD?
and is associated with disrupted pain and temperature
symptoms in bvFTD,*” indicating it as a strong candidate
as a hub in a sensory homeostatic signalling network. As
such, our findings suggest that degeneration of the insula
and its connections may modulate many aspects of eating
changes in bvFTD, of which increased preference for
high-fat content appears to be a central feature.

We further found evidence for involvement of subcorti-
cal regions including the amygdala and putamen, in the
origin of increased fat preference in bvFTD. The amyg-
dala has a long-established role in emotion processing,
yet has been widely implicated in reward processing par-
ticularly in relation to food consumption and eating
behaviour, with studies suggesting activity in the amyg-
dala may positively reinforce food consumption.*' The
putamen is also potentially ideally located to support
complex eating behaviours, situated within the brain’s
frontostriatal reward pathways.*? Indeed, previous func-
tional MRI studies have demonstrated that increased fat
intake is associated with lower putamen activity in
healthy individuals,” suggesting an important role in
reward evaluation during food consumption. To our
knowledge, no study to date has employed functional
MRI to study changes in eating behaviour in FTD, how-
ever, we suggest that such studies will be invaluable to
determine how large-scale network dysfunction relates to
reward processing and positive/negative feedback.

Finally, we found evidence for occipital contributions
to increased fat preference in bvFTD, with volume loss in
the lateral occipital cortex correlating with liking ratings
for the high-fat option. This association likely reflects the
highly visual way in which we approach eating, providing
pleasurable or aversive feedback via reward pathways, and
influencing the subsequent decision-making phase. Inter-
estingly, the contribution of such visual associations has
been shown in other diagnoses with abnormal eating
behaviour such as Prader-Willi syndrome,** offering a
novel platform for future investigations in bvFTD.

Previously, we have demonstrated that bvFTD is char-
acterised by a strong sucrose preference.* While some of
the regions appear to overlap between fat and sucrose
preference, it is likely that different neural pathways con-
trol macronutrient intake in bvFTD. The brain regions
commonly implicated in fat and sucrose preference in
bvFID include the frontal cortices, amygdala, putamen
and insula and occipital regions. Other regions such as
the anterior and posterior cingulate cortices appear to be
specifically associated with fat preference. The unique
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contribution of the cingulate cortex to the increase in fat
content in bvFTD remains unclear and future studies will
be required to tease apart the precise role of the anterior
and posterior subdivisions of the cingulate to these
changes in eating behaviour.

Behavioural-variant FTD patients appear to have a
unique preference for both sucrose and fat intake. In
genetically obese individuals, changes in the hypothala-
mus specifically involving disruption of melanocortin
function lead to an increased preference for high-fat food,
but a decreased preference for sucrose-rich food.” This
stands in contrast with the global increased preference of
high-fat and high-sucrose food in bvFTD. Changes in
melanocortin function and hypothalamic volume have
been related to eating behaviour and BMI change in
bvFTD.>* To understand the differences between bvFTD
and genetically obese cohorts, it will be important to
determine via pathological examination and serum analy-
ses if changes in fat preference are also related to changes
in melanocortin function in bvFTD. It will also be impor-
tant to determine the interaction between cortical atrophy
and hypothalamic neuroendocrine function more broadly.

It has been hypothesised that increased fat intake in
obese patients with disruption of melanocortin dysfunc-
tion secondary to mutations in melanocortin receptors is
an adaptive response to a starvation state, whereby
patients increase their fat intake in order to maintain
energy balance. In both FTD and ALS, an increase in fat
intake has been hypothesised to be secondary to a state of
increased energy metabolism.! Previously increased fat
intake via carer survey has been shown in ALS (both pure
and those with cognitive changes)*® and presymptomatic
ALS cohorts.”” Further research is required to understand
the role that fat intake may play in the setting of
increased energy metabolism in the neurodegenerative
process, and whether it is an adaptive mechanism to
counteract a hypermetabolic state or is driven by the neu-
rodegenerative process.

As the first study to explore the neurocognitive mecha-
nisms modulating increased fat preference in bvFTD, our
findings provide an important platform for future
research on this topic. Such studies could focus on the
staging at which increased fat preference emerges and
whether such food preferences may be an early prodromal
marker of disease and its ability to be used as a marker of
disease progression. Future studies using larger popula-
tion sizes and longitudinal approaches will be particularly
interesting. It will also be important to examine the dif-
ferences and similarities between the eating and metabolic
profiles of patients with neurodegeneration and geneti-
cally obese cohorts. In turn, this could offer an attractive
means of monitoring at-risk genetic cohorts, for early
harbingers of disease. Moreover, this approach could

Neural Correlates of Fat Preference in FTD

identify the contribution of obesity to disease pathogene-
sis and progression, improving our capacity to intervene
effectively.
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Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Table S1. Voxel-based morphometry results showing sig-
nificant associations between grey matter intensity reduc-
tion and liking rating of the high-fat content meal in
bvFTD combined with controls.

Table S2. Voxel-based morphometry results showing sig-
nificant associations between grey matter intensity reduc-
tion and liking rating of high-fat content meal in the
bvFTD group only.
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