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Abstract

Thalamic atrophy is a common feature across all forms of FTD but little is known about

specific nuclei involvement. We aimed to investigate in vivo atrophy of the thalamic

nuclei across the FTD spectrum. A cohort of 402 FTD patients (age: mean(SD) 64.3

(8.2) years; disease duration: 4.8(2.8) years) was compared with 104 age-matched con-

trols (age: 62.5(10.4) years), using an automated segmentation of T1-weighted MRIs to

extract volumes of 14 thalamic nuclei. Stratification was performed by clinical diagnosis

(180 behavioural variant FTD (bvFTD), 85 semantic variant primary progressive aphasia

(svPPA), 114 nonfluent variant PPA (nfvPPA), 15 PPA not otherwise specified (PPA-

NOS), and 8 with associated motor neurone disease (FTD-MND), genetic diagnosis

(27MAPT, 28 C9orf72, 18 GRN), and pathological confirmation (37 tauopathy, 38 TDP-

43opathy, 4 FUSopathy). The mediodorsal nucleus (MD) was the only nucleus affected

in all FTD subgroups (16–33% smaller than controls). The laterodorsal nucleus was also

particularly affected in genetic cases (28–38%), TDP-43 type A (47%), tau-CBD (44%),

and FTD-MND (53%). The pulvinar was affected only in the C9orf72 group (16%). Both

the lateral and medial geniculate nuclei were also affected in the genetic cases

(10–20%), particularly the LGN in C9orf72 expansion carriers. Use of individual tha-

lamic nuclei volumes provided higher accuracy in discriminating between FTD groups

than the whole thalamic volume. The MD is the only structure affected across all FTD

groups. Differential involvement of the thalamic nuclei among FTD forms is seen, with

a unique pattern of atrophy in the pulvinar in C9orf72 expansion carriers.
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1 | INTRODUCTION

The thalamus is the relay station of the brain, with so many different

connections that it is virtually connected to all other brain regions. It

is composed of several nuclei, each of them with specific connections

and functional specialization (Table 1) (Behrens et al., 2003; Hale et al.,

2015; Herrero et al., 2002; Kim et al., 2013; Lambert et al., 2017;

Morel, 2007; Schmahmann, 2003; Zhang et al., 2008, 2010).
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TABLE 1 Functions and connections of the thalamic nuclei. (Based on Schmahmann, 2003; Herrero, Barcia, & Navarro, 2002; Behrens et al.,
2003; Lambert, Simon, Colman, & Barrick, 2017; Hale et al., 2015; Kim, Park, & Park, 2013; Zhang et al., 2008; Zhang, Snyder, Shimony, Fox, &
Raichle, 2010; Iglesias et al., 2018)

Nuclei Structural grouping Functional grouping Connections Functions

AV Anterior Limbic Entorhinal cortex, hippocampus

(subiculum), amygdala, mammillary

body, insula, frontal and temporal pole,

anterior cingulate, retrosplenial cortex,

orbitofrontal and medial prefrontal

cortices

Learning and memory, spatial

navigation, emotion, drive,

motivation, anomia

LD Lateral Limbic Mammillary body, cingulate, retrosplenial

cortex, hippocampus (subiculum),

entorhinal cortex, orbitofrontal and

medial prefrontal cortices, amygdala

Limbic (learning and memory, emotional

experience and expression, drive,

motivation)

LP Lateral Associative Somatosensory cortex, posterior parietal

cortex, posterior cingulate, amygdala,

hippocampus, medial and dorsolateral

extrastriate cortex, medial

parahippocampal cortex

Higher-order somatosensory and

visual–spatial integration (e.g., goal-

directed reaching, conceptual and

analytical thinking)

VA Ventral Motor/limbic Motor, premotor and supplementary

motor cortex, prefrontal cortex,

amygdala, accumbens, anterior

cingulate, posterior parietal cortex

Complex behaviours, motor

programming, limbic (learning and

memory, emotional experience and

expression, drive, motivation)

VLa Ventral Motor Primary motor and premotor cortex,

cerebellum (dentate), insula, frontal

operculum, brainstem, ventral

mesencephalon, pallidum

Motor

VLp Ventral Motor Primary motor and premotor cortex Motor, articulation and language,

encoding and retrieval of verbal and

nonverbal information

VPL Ventral Specific sensory Somatosensory (superior frontal gyrus,

insula, brainstem)

Somatosensory

VM Ventral Motor Visual and motor cortex Motor

Intralaminar Intralaminar Intralaminar Motor cortex, striatum, basal ganglia

(putamen), prefrontal cortex, brainstem,

spinal cord, cerebellum [predominantly

to subcortical instead of cortical

structures]

Sensorimotor, limbic, cognitive;

attention, arousal, consciousness,

memory, autonomic drive,

motivation, affective components of

pain, sending attention-specific

sensory information to the striatum

for conditional responses

Midline Medial Associative Amygdala, orbital, medial, and dorsal

prefrontal cortex, brainstem, spinal

cord, cerebellum, periaqueductal grey

Anterograde and recognition memory,

cognition, habituation, olfaction,

vegetative and endocrine circadian

activities, autonomic drive, sending

attention-specific sensory

information to the striatum for

conditional responses, processing

motivational-affective components of

nociceptive information

MD Medial Associative/limbic Temporal, dorsolateral and dorsomedial

prefrontal, paralimbic regions (medial

and orbital prefrontal cortex), amygdala,

basal forebrain, olfactory and entorhinal

cortex, motor and premotor cortex,

anterior cingulate

Limbic, working memory, emotional

regulation, behavior (inhibition, mood,

perseveration), executive functions,

vertical gaze (oculomotor control)

LGN Posterior Specific sensory Occipital, parietal cortex - primary visual

cortex

Relay in the visual system

MGN Posterior Specific sensory Temporal cortex - primary auditory cortex Relay in the auditory system

(Continues)
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Thalamic atrophy is a common feature across all clinical, genetic,

and pathological forms of frontotemporal dementia (FTD) (Bocchetta

et al., 2018; Cardenas et al., 2007; Chow et al., 2008; Garibotto et al.,

2011; Hornberger et al., 2012; Rohrer et al., 2015). FTD is a heteroge-

neous neurodegenerative disorder, with clinical symptoms spanning

from behavioural changes to language and motor deficits. The main

genetic causes are mutations in microtubule-associated protein tau

(MAPT), progranulin (GRN), and chromosome 9 open reading frame

72 (C9orf72) (Rohrer & Warren, 2011). The neuropathological abnor-

malities found in the brain in FTD fall into three main groups

depending on the abnormal protein found in inclusions: tau, TDP-43,

and FUS (Lashley, Rohrer, Mead, & Revesz, 2015; Mackenzie & Neu-

mann, 2016).

Given the extensive heterogeneity across the FTD spectrum, it is

likely that the nuclei of the thalamus are differentially involved in the

various forms of FTD and that some of the symptoms are related to the

function of the nuclei affected. However, to date, no study has method-

ically looked at the specific thalamic nuclei in the FTD spectrum, with

prior investigations focused on volumetry of the whole thalamus.

Due to recent advances in segmentation methods, it is now possi-

ble to measure individual thalamic nuclei in vivo on structural mag-

netic resonance (MR) scans (Iglesias et al., 2018). We therefore aimed

to investigate the specific patterns of atrophy in the thalamic nuclei in

a large cohort of FTD patients, to determine which nuclei are impaired

across the different clinical, genetic, and pathological forms of FTD.

2 | METHODS

We reviewed the UCL Dementia Research Centre FTD MRI database

to identify 402 patients with a volumetric T1-weighted MR scan pass-

ing standard quality control protocols and with a diagnosis of behav-

ioural variant FTD (bvFTD) (Rascovsky et al., 2011), semantic variant

primary progressive aphasia (svPPA), nonfluent primary progressive

aphasia (nfvPPA) (Gorno-Tempini et al., 2011), a primary progressive

aphasia not otherwise specified (PPA-NOS) (Harris et al., 2013), or

FTD with associated motor neurone disease (FTD-MND) (Table 2).

One hundred-four cognitively normal subjects, with a similar age to

TABLE 1 (Continued)

Nuclei Structural grouping Functional grouping Connections Functions

Pulvinar Posterior Associative/limbic Prefrontal, posterior parietal, temporal,

occipital and parietal cortex,

hippocampus, amygdala, frontal

operculum, anterior cingulate, insula,

parahippocampal cortex, superior

colliculi

Hallucination, visual attention, language,

intramodality integration of

somatosensory and visual

information, pain appreciation, limbic,

affective and psychotic symptoms

TABLE 2 Demographic and clinical variables for the FTD patients and controls

Groups n Gender, male Age at scan (years) Disease duration (years)

Controls 104 44% 62.5 (10.4) —

Clinical (n = 402) FTD-MND 8 63% 66.9 (4.3) 5.3 (2.9)

bvFTD 180 68% 62.3 (8.0) 5.2 (3.2)

nfvPPA 114 46% 67.5 (8.7) 4.4 (2.5)

PPA-NOS 15 67% 64.2 (6.1) 3.3 (1.7)

svPPA 85 56% 63.9 (7.2) 4.8 (2.5)

Genetica (n = 73) C9orf72 28 68% 62.8 (5.9) 5.5 (3.3)

GRN 18 56% 62.0 (6.3) 3.1 (2.6)

MAPT 27 63% 55.9 (7.5) 5.7 (3.2)

Pathologicala (n = 79) TDP-43 type A 15 60% 62.1 (5.8) 3.3 (1.7)

TDP-43 type B 3 67% 57.1 (7.7) 4.8 (2.7)

TDP-43 type C 20 65% 65.3 (7.3) 4.7 (2.8)

FTDP-17 7 71% 51.3 (5.8) 5.2 (3.1)

tau-Pick's 17 76% 59.7 (4.2) 4.4 (2.2)

tau-PSP 4 100% 76.9 (7.3) 5.1 (3.9)

tau-CBD 9 78% 61.8 (9.1) 4.5 (0.9)

FUS 4 75% 45.7 (11.7) 3.0 (1.8)

Note: Values denote mean (SD) or n (%).
aGenetic and pathological cohorts are subsets of the overall clinical cohort with some overlap between the two (n = 20).

1008 BOCCHETTA ET AL.



T
A
B
L
E
3

V
o
lu
m
et
ri
c
co

m
pa

ri
so
ns

fo
r
th
e
th
al
am

ic
nu

cl
ei

be
tw

ee
n
th
e
di
ff
er
en

t
ge

ne
ti
c,
pa

th
o
lo
gi
ca
l,
an

d
cl
in
ic
al
su
bg

ro
up

s
an

d
th
e
co

n
tr
o
ls

n
A
V

LD
LP

V
A

V
La

V
Lp

V
P
L

V
M

In
tr
al
am

in
ar

M
id
lin

e
M
D

LG
N

M
G
N

P
u
lv
in
ar

G
en

et
ic
di
ag

no
si
s

C
o
nt
ro
ls

1
0
4

M
ea

n
0
.0
1
7

0
.0
0
3

0
.0
1
5

0
.0
5
4

0
.0
7
9

0
.1
0
3

0
.1
0
9

0
.0
0
3

0
.0
5
1

0
.0
0
2

0
.1
2
6

0
.0
2
1

0
.0
1
6

0
.0
2
5

SD
0
.0
0
2

0
.0
0
1

0
.0
0
2

0
.0
0
4

0
.0
0
6

0
.0
0
8

0
.0
1
1

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
1
5

0
.0
0
3

0
.0
0
2

0
.0
0
4

C
9
or
f7
2

2
8

M
ea

n
0
.0
1
3

0
.0
0
2

0
.0
1
1

0
.0
4
7

0
.0
6
9

0
.0
9
0

0
.0
9
7

0
.0
0
2

0
.0
4
5

0
.0
0
2

0
.0
8
5

0
.0
1
7

0
.0
1
4

0
.0
2
1

SD
0
.0
0
3

0
.0
0
1

0
.0
0
3

0
.0
0
5

0
.0
0
6

0
.0
0
7

0
.0
1
0

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
1
7

0
.0
0
3

0
.0
0
2

0
.0
0
4

G
R
N

1
8

M
ea

n
0
.0
1
3

0
.0
0
2

0
.0
1
2

0
.0
4
7

0
.0
7
1

0
.0
9
4

0
.1
0
0

0
.0
0
2

0
.0
4
5

0
.0
0
2

0
.0
9
0

0
.0
1
9

0
.0
1
4

0
.0
2
3

SD
0
.0
0
2

0
.0
0
1

0
.0
0
2

0
.0
0
7

0
.0
0
7

0
.0
0
8

0
.0
1
1

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
1
9

0
.0
0
3

0
.0
0
2

0
.0
0
4

M
A
PT

2
7

M
ea

n
0
.0
1
4

0
.0
0
2

0
.0
1
3

0
.0
5
0

0
.0
7
3

0
.0
9
6

0
.1
0
2

0
.0
0
2

0
.0
4
6

0
.0
0
2

0
.0
9
9

0
.0
1
9

0
.0
1
4

0
.0
2
5

SD
0
.0
0
3

0
.0
0
1

0
.0
0
2

0
.0
0
5

0
.0
0
6

0
.0
0
9

0
.0
1
2

0
.0
0
0

0
.0
0
5

0
.0
0
0

0
.0
1
9

0
.0
0
4

0
.0
0
2

0
.0
0
3

C
o
nt
ro
l

C
9
or
f7
2

P-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

%
2
4

3
4

2
3

1
3

1
2

1
2

1
1

1
5

1
3

2
2

3
2

2
0

1
2

1
6

G
R
N

p-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
0
3

.0
2
3

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
0
2

<
.0
0
0
5

.0
3
8

%
2
2

3
8

2
0

1
4

1
0

9
8

8
1
2

2
6

2
8

1
1

1
3

8

M
A
PT

p-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
0
1

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.8
0
4

%
1
7

2
8

1
5

7
7

7
7

8
9

1
7

2
1

1
1

1
0

0

P
at
ho

lo
gi
ca
ld

ia
gn

o
si
s

T
D
P
-4
3
ty
pe

A
1
5

M
ea

n
0
.0
1
2

0
.0
0
2

0
.0
1
0

0
.0
4
6

0
.0
7
1

0
.0
9
3

0
.1
0
3

0
.0
0
2

0
.0
4
5

0
.0
0
2

0
.0
8
4

0
.0
1
8

0
.0
1
5

0
.0
2
2

SD
0
.0
0
2

0
.0
0
1

0
.0
0
3

0
.0
0
6

0
.0
0
6

0
.0
0
7

0
.0
0
9

0
.0
0
0

0
.0
0
5

0
.0
0
0

0
.0
2
1

0
.0
0
2

0
.0
0
2

0
.0
0
3

T
D
P
-4
3
ty
pe

B
3

M
ea

n
0
.0
1
4

0
.0
0
3

0
.0
1
3

0
.0
4
8

0
.0
6
9

0
.0
9
2

0
.1
0
2

0
.0
0
2

0
.0
4
8

0
.0
0
2

0
.1
0
0

0
.0
1
5

0
.0
1
4

0
.0
2
4

SD
0
.0
0
2

0
.0
0
1

0
.0
0
2

0
.0
0
3

0
.0
0
4

0
.0
0
7

0
.0
1
1

0
.0
0
0

0
.0
0
6

0
.0
0
0

0
.0
2
5

0
.0
0
3

0
.0
0
2

0
.0
0
2

T
D
P
-4
3
ty
pe

C
2
0

M
ea

n
0
.0
1
5

0
.0
0
3

0
.0
1
4

0
.0
5
4

0
.0
7
7

0
.1
0
0

0
.1
0
5

0
.0
0
3

0
.0
5
0

0
.0
0
2

0
.1
0
5

0
.0
1
8

0
.0
1
5

0
.0
2
6

SD
0
.0
0
3

0
.0
0
1

0
.0
0
3

0
.0
0
6

0
.0
0
8

0
.0
1
0

0
.0
1
0

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
1
9

0
.0
0
3

0
.0
0
2

0
.0
0
3

F
T
D
P
-1
7

7
M
ea

n
0
.0
1
4

0
.0
0
2

0
.0
1
2

0
.0
5
0

0
.0
7
1

0
.0
9
2

0
.0
9
6

0
.0
0
2

0
.0
4
7

0
.0
0
2

0
.0
8
8

0
.0
1
6

0
.0
1
3

0
.0
2
5

SD
0
.0
0
3

0
.0
0
1

0
.0
0
2

0
.0
0
4

0
.0
0
5

0
.0
0
7

0
.0
1
0

0
.0
0
0

0
.0
0
3

0
.0
0
0

0
.0
1
0

0
.0
0
3

0
.0
0
1

0
.0
0
4

ta
u-
P
ic
k'
s

1
7

M
ea

n
0
.0
1
4

0
.0
0
2

0
.0
1
3

0
.0
4
9

0
.0
7
2

0
.0
9
6

0
.1
0
4

0
.0
0
3

0
.0
4
9

0
.0
0
2

0
.0
8
9

0
.0
2
1

0
.0
1
4

0
.0
2
7

SD
0
.0
0
4

0
.0
0
1

0
.0
0
3

0
.0
0
7

0
.0
0
8

0
.0
1
0

0
.0
0
8

0
.0
0
0

0
.0
0
5

0
.0
0
0

0
.0
1
4

0
.0
0
2

0
.0
0
2

0
.0
0
3

ta
u-
P
SP

4
M
ea

n
0
.0
1
3

0
.0
0
2

0
.0
1
1

0
.0
4
4

0
.0
6
4

0
.0
8
3

0
.0
9
1

0
.0
0
2

0
.0
4
0

0
.0
0
2

0
.0
8
7

0
.0
1
6

0
.0
1
3

0
.0
2
6

SD
0
.0
0
1

0
.0
0
1

0
.0
0
1

0
.0
0
3

0
.0
0
7

0
.0
0
9

0
.0
0
6

0
.0
0
0

0
.0
0
2

0
.0
0
0

0
.0
1
5

0
.0
0
2

0
.0
0
2

0
.0
0
6

ta
u-
C
B
D

9
M
ea

n
0
.0
1
2

0
.0
0
2

0
.0
1
1

0
.0
4
4

0
.0
6
7

0
.0
9
0

0
.1
0
5

0
.0
0
3

0
.0
4
6

0
.0
0
2

0
.0
8
8

0
.0
2
0

0
.0
1
5

0
.0
2
6

SD
0
.0
0
3

0
.0
0
1

0
.0
0
2

0
.0
0
4

0
.0
0
6

0
.0
0
7

0
.0
0
6

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
1
2

0
.0
0
4

0
.0
0
2

0
.0
0
4

(C
o
nt
in
u
es
)

BOCCHETTA ET AL. 1009



T
A
B
L
E
3

(C
o
nt
in
ue

d)

n
A
V

LD
LP

V
A

V
La

V
Lp

V
P
L

V
M

In
tr
al
am

in
ar

M
id
lin

e
M
D

LG
N

M
G
N

P
u
lv
in
ar

F
U
S

4
M
ea

n
0
.0
1
4

0
.0
0
3

0
.0
1
3

0
.0
5
0

0
.0
7
4

0
.0
9
8

0
.1
0
6

0
.0
0
3

0
.0
4
9

0
.0
0
2

0
.0
9
3

0
.0
2
1

0
.0
1
4

0
.0
2
8

SD
0
.0
0
2

0
.0
0
1

0
.0
0
3

0
.0
0
8

0
.0
0
9

0
.0
1
1

0
.0
1
3

0
.0
0
0

0
.0
0
5

0
.0
0
1

0
.0
2
5

0
.0
0
4

0
.0
0
3

0
.0
0
4

C
o
nt
ro
ls

T
D
P
-4
3
ty
pe

A
p-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
1
2

.0
6
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
0
3

.0
1
3

.0
0
4

%
3
0

4
7

3
1

1
4

1
0

9
6

8
1
1

3
0

3
3

1
3

8
1
4

T
D
P
-4
3
ty
pe

B
p-
va
lu
e

.1
7
7

.5
8
9

.3
6
2

.0
1
7

.0
0
3

.0
0
9

.0
2
8

.0
5
7

.0
7
6

.2
3
4

<
.0
0
0
5

.0
0
2

.0
1
9

.9
9
9

%
1
4

−
3

1
0

1
1

1
2

1
1

6
8

6
4

2
0

2
8

1
1

4

T
D
P
-4
3
ty
pe

C
p-
va
lu
e

.1
8
4

.2
8
6

.3
3
2

.7
3
8

.6
0
8

.3
1
9

.0
2
9

.1
4
2

.2
4
6

.0
7
1

<
.0
0
0
5

.0
2
3

.1
.1
0
6

%
9

1
9

8
1

2
3

4
4

3
9

1
6

1
3

4
−
3

F
T
D
P
-1
7

p-
va
lu
e

.0
1
1

.0
4
3

.0
0
1

.0
2
3

.0
0
4

.0
0
1

<
.0
0
0
5

.0
0
3

.0
0
6

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.5
7

%
1
9

3
1

2
2

8
9

1
1

1
2

1
2

9
1
7

3
0

2
2

1
5

0

ta
u-
P
ic
k'
s

p-
va
lu
e

.0
0
2

.0
1

.0
0
1

<
.0
0
0
5

<
.0
0
0
5

.0
0
2

.0
0
3

.0
8
1

.0
1
9

<
.0
0
0
5

<
.0
0
0
5

.4
8
2

<
.0
0
0
5

.0
2
4

%
1
5

2
5

1
5

1
0

8
7

5
4

4
1
7

2
9

0
9

−
6

ta
u-
P
SP

p-
va
lu
e

.0
7
6

.4
3
6

.0
3
2

.0
0
1

<
.0
0
0
5

<
.0
0
0
5

.0
0
5

.0
1
5

<
.0
0
0
5

.0
0
4

<
.0
0
0
5

.0
9
5

.0
1
5

.4
0
1

%
2
0

2
8

2
3

1
9

1
9

1
9

1
7

1
5

2
2

3
0

3
1

2
3

2
0

−
2

ta
u-
C
B
D

p-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.2
9
7

.6
0
3

.0
0
2

<
.0
0
0
5

<
.0
0
0
5

.7
8
4

.4
0
3

.3
5
8

%
2
8

4
4

2
9

1
8

1
4

1
2

4
4

1
1

3
0

3
0

6
6

−
2

F
U
S

p-
va
lu
e

.0
5
8

.9
5
6

.2
3
2

.0
4
8

.0
9
4

.1
6
2

.2
6
1

.6
0
6

.3
9
5

.0
1
6

<
.0
0
0
5

.9
3
6

.1
3
7

.0
4
5

%
1
7

3
1
0

8
6

5
3

4
4

1
3

2
6

0
8

−
1
2

C
lin

ic
al

di
ag

no
si
s

F
T
D
-M

N
D

8
M
ea

n
0
.0
1
2

0
.0
0
2

0
.0
0
9

0
.0
4
6

0
.0
6
8

0
.0
8
8

0
.0
9
9

0
.0
0
2

0
.0
4
4

0
.0
0
2

0
.0
8
4

0
.0
1
8

0
.0
1
4

0
.0
2
2

SD
0
.0
0
2

0
.0
0
1

0
.0
0
2

0
.0
0
6

0
.0
0
7

0
.0
0
9

0
.0
1
0

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
1
1

0
.0
0
3

0
.0
0
1

0
.0
0
6

bv
F
T
D

1
8
0

M
ea

n
0
.0
1
4

0
.0
0
2

0
.0
1
2

0
.0
4
8

0
.0
7
1

0
.0
9
3

0
.1
0
0

0
.0
0
2

0
.0
4
7

0
.0
0
2

0
.0
9
4

0
.0
1
9

0
.0
1
4

0
.0
2
4

SD
0
.0
0
3

0
.0
0
1

0
.0
0
3

0
.0
0
6

0
.0
0
7

0
.0
0
9

0
.0
1
1

0
.0
0
0

0
.0
0
5

0
.0
0
0

0
.0
1
7

0
.0
0
3

0
.0
0
2

0
.0
0
4

nf
vP

P
A

1
1
4

M
ea

n
0
.0
1
4

0
.0
0
2

0
.0
1
2

0
.0
4
9

0
.0
7
2

0
.0
9
4

0
.1
0
3

0
.0
0
2

0
.0
4
6

0
.0
0
2

0
.0
9
7

0
.0
1
9

0
.0
1
5

0
.0
2
5

SD
0
.0
0
3

0
.0
0
1

0
.0
0
3

0
.0
0
6

0
.0
0
7

0
.0
0
9

0
.0
1
0

0
.0
0
0

0
.0
0
5

0
.0
0
0

0
.0
1
6

0
.0
0
3

0
.0
0
2

0
.0
0
4

P
P
A
-N

O
S

1
5

M
ea

n
0
.0
1
5

0
.0
0
2

0
.0
1
3

0
.0
5
1

0
.0
7
5

0
.0
9
8

0
.1
0
3

0
.0
0
2

0
.0
4
8

0
.0
0
2

0
.1
0
3

0
.0
2
0

0
.0
1
5

0
.0
2
5

SD
0
.0
0
3

0
.0
0
1

0
.0
0
2

0
.0
0
7

0
.0
0
7

0
.0
0
8

0
.0
1
3

0
.0
0
0

0
.0
0
4

0
.0
0
0

0
.0
2
1

0
.0
0
3

0
.0
0
2

0
.0
0
4

sv
P
P
A

8
5

M
ea

n
0
.0
1
5

0
.0
0
3

0
.0
1
3

0
.0
5
3

0
.0
7
6

0
.0
9
9

0
.1
0
5

0
.0
0
3

0
.0
4
9

0
.0
0
2

0
.1
0
5

0
.0
1
9

0
.0
1
5

0
.0
2
7

SD
0
.0
0
3

0
.0
0
1

0
.0
0
3

0
.0
0
5

0
.0
0
7

0
.0
0
9

0
.0
1
1

0
.0
0
0

0
.0
0
5

0
.0
0
0

0
.0
1
8

0
.0
0
3

0
.0
0
2

0
.0
0
3

C
o
nt
ro
ls

F
T
D
-M

N
D

p-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
0
4

.0
5
1

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
3
1

.0
1

.0
8
5

%
3
1

5
3

3
7

1
5

1
3

1
4

9
8

1
5

3
5

3
3

1
5

1
1

1
1

bv
F
T
D

p-
va
lu
e

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

<
.0
0
0
5

.0
9
9

%
1
7

2
8

1
8

1
2

1
0

9
9

8
9

2
2

2
5

1
1

1
1

4

(C
o
nt
in
u
es
)

1010 BOCCHETTA ET AL.



the patients and with a usable T1-weighted MRI, were identified as

controls. The study was approved by the local ethics committee and

written informed consent was obtained from all participants.

Seventy-four patients had mutations in one of the FTD-linked

genes: 27 MAPT, 18 GRN, and 28 C9orf72 carriers as well as one with

a dual mutation in GRN/C9orf72, who was excluded from the individ-

ual group genetic analyses. For 81 patients, post-mortem confirmation

of the underlying neuropathology was available: FUS (n = 4), TDP-43

type A (n = 15), TDP-43 type B (n = 3), TDP-43 type C (n = 20); tau

with Pick's disease (n = 17), with PSP (n = 4), with CBD (n = 9), and

due to FTDP-17 (n = 7). We excluded from the pathological analysis

2 patients with tau-GGT1 due to the small numbers. There was an

overlap of 21 cases between the genetic groups and the pathological

groups: 5 GRN had TDP-43 type A, 6 C9orf72 had TDP-43 type A and

2 had TDP-43 type B, 7 MAPT had FTDP-17, and the patient with the

dual GRN/C9orf72 mutation had TDP-43 type A.

Sociodemographic and clinical data are reported in Table 2. The

mean age for the whole FTD group was 64.3 (SD 8.2) years with an

average disease duration of 4.8 (2.8) years. There was no significant

difference in age between FTD and controls (p = .067, t-test), or for

scanner type (p = .804, Chi square test), but there were more males in

the FTD group than in the control group (59% vs. 44%, p = .006, Chi

square test). Across the different clinical, genetic and pathological

diagnoses, there was no difference for scanner type (p = .190,

p = .615, and p = .053, Chi square test). There was a slightly significant

difference in disease duration for the genetic (p = .018) and clinical

groups (p = .042), but not for the pathological group (p = .084,

ANOVA).

T1-weighted MRIs were acquired from 1992 to 2018 with scan-

ners from three different manufacturers: 231 on 1.5 T Signa MRI scan-

ner (GE Medical systems, Milwaukee, WI, TR = 12 ms, TI = 650 ms,

TE = 5 ms, acquisition matrix = 256 × 256, spatial resolution = 1.5 mm),

210 on 3 T Trio MRI scanner (Siemens, Erlangen, Germany,

TR = 2,200 ms, TI = 900 ms, TE = 2.9 ms, acquisitionmatrix = 256 × 256,

spatial resolution = 1.1 mm), and 65 on 3 T Prisma MRI scanner

(Siemens, Erlangen, Germany, TR = 2000 ms, TI = 850 ms, TE = 2.93 ms,

acquisition matrix = 256 × 256, spatial resolution = 1.1 mm).

Volumetric MRI scans were first bias field corrected and whole-

brain parcellated using the geodesic information flow (GIF) algorithm

(Cardoso et al., 2015), which is based on atlas propagation and label

fusion. Volumes of the whole thalamus and of its nuclei were subse-

quently segmented using a customised version of the module

described in Iglesias et al., 2018, to accept the GIF parcellation as

input for it. Based on anatomical subdivision, we combined the

52 original thalamic nuclei, and focused the analysis on the following

14 regions: anteroventral (AV), laterodorsal (LD), lateral posterior (LP),

ventral anterior (VA), ventral lateral anterior (VLa), ventral lateral

posterior (VLp), ventral posterolateral (VPL), ventromedial (VM),

intralaminar, midline, mediodorsal (MD), lateral geniculate (LGN),

medial geniculate (MGN) and pulvinar (Table 1 and Figure S1).

Left and right volumes were summed and expressed as a percent-

age of the total intracranial volumes (TIV), computed with SPM12

v6470 (Statistical Parametric Mapping, Wellcome Trust Centre forT
A
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Neuroimaging, London, UK) running under Matlab R2014b (Math

Works, Natick, MA) (Malone et al., 2015). All segmentations were

visually checked for quality.

Statistical analyses were performed on thalamic volumes in SPSS

software (SPSS Inc., Chicago, IL) v22.0, between control and FTD

groups, using an ANOVA test adjusting for scanner type, TIV, gender,

and age. Results were corrected for multiple comparisons (Bonferroni's

correction) at p < .0035 (p = .05 divided by the 14 thalamic nuclei).

We performed a stepwise discriminant analysis between pairs of

genetic, pathological, and clinical FTD subgroups for the thalamic

nuclei and a second discriminant analysis for the whole thalamus.

3 | RESULTS

Stratifying by genetics, the three groups showed significantly smaller

thalamic nuclei than controls, except for VM for the GRN group and

the pulvinar for both the GRN and MAPT groups. The pulvinar was

only significantly smaller in C9orf72 than controls (16% difference in

volume, p < .0005 ANOVA) (Table 3 and Figure 1A). The MD and LD

nuclei were particularly affected in all groups (21–32% and 28–38%,

p < .0005), followed by AV (17–24%, p < .0005), midline nuclei

(17–26%, p < .0005), and LP (15–23%, p < .0005). Both the LGN and

MGN were also affected (p < .002), with the LGN smaller in the

C9orf72 group (20%) than the other groups (11%).

Stratifying by pathology, MD was the only nucleus affected in all

subgroups (29–33% and 20% in TDP-43 type B, p < .0005) and the

only nucleus affected in FUS (26%, p < .0005) and TDP-43 type C

(16%, p < .0005) (Table 3 and Figure 1B). The LD was also particularly

affected in TDP-43 type A (47%, p < .0005) and tau-CBD (44%,

p < .0005). These two groups had the most nuclei affected followed

by tau-Pick's disease, with sparing of VPL, VM, and the pulvinar in

each of these groups.

Stratifying by clinical diagnosis, the MD was affected in all sub-

groups, with FTD-MND being the most affected (33%), and svPPA

and PPA-NOS the least (17–18%, p < .0005). The LD was also

affected in all subgroups, especially in FTD-MND (53%, p < .0005).

The pulvinar was spared in all groups. FTD-MND was the group with

the smallest volumes overall, with PPA-NOS the least affected group

(Table 3 and Figure 1C).

Comparisons between the disease groups for each of the three

analyses are reported in the Table S1.

We also repeated the above analyses in a purely sporadic cohort,

excluding the 21 genetic cases. The results for the clinical and patho-

logical subgroups showed a similar pattern of nuclei involvement

despite a reduction in the sample sizes and therefore the statistical

power. The sporadic FTD-MND group still showed the highest volu-

metric differences from controls in the LP, MD, and midline nuclei (-

Table S2), and the sporadic TDP-43 type A cases mainly showed

volume differences in the MD, midline, LD, and LP (Table S3).

F IGURE 1 Pattern of atrophy in the thalamic nuclei in the (a) genetic; (b) pathological; and (c) clinical FTD groups. The cartoon is a schematic
representation of an axial view of the thalamic nuclei and is not anatomically accurate. Colour bar denotes the % difference in volume from
controls

1012 BOCCHETTA ET AL.



TABLE 4 Discriminant analysis between pairs of genetic, pathological and clinical FTD subgroups for the thalamic nuclei and the whole
thalamus

Thalamic nuclei Whole thalamus

p-Value % CC Predictors Correlation p-Value % CC

Genetic diagnosis

MAPT GRN .046 89/50 VA 1 .955

C9orf72 <.0005 70/79 Pulvinar 1 .002 56/75

GRN C9orf72 .042 33/82 LGN 1 .943

Pathological diagnosis

FUS tau-CBD .021 50/89 LD 1 .900

FTDP-17 .068 50/100 LGN 1 .776

tau-Pick's NA NA .992

tau-PSP <.0005 100/100 VA/VLp/Intralaminar (−18.985/8.539/12.227) .067 75/100

TDP-43 type A .006 50/93 Pulvinar 1 .848

TDP-43 type B .076 100/0 LGN 1 .927

TDP-43 type C NA NA .997

tau-CBD FTDP-17 .006 100/71 Midline 1 .976

tau-Pick's .02 33/88 Midline/MD (1.445/−1.022) .945

tau-PSP .004 89/75 VPL 1 .074 89/25

TDP-43 type A .006 67/87 VLa/Pulvinar (−0.857/1.075) .964

TDP-43 type B .003 100/33 Midline 1 .998

TDP-43 type C <.0005 56/90 Midline 1 .047 11/85

FTDP-17 tau-Pick's .001 71/94 Intralaminar/LGN (0.634/1.063) .880

tau-PSP .003 86/100 Intralaminar/LGN (1.378/0.975) .038 100/75

TDP-43 type A .017 57/87 VPL/Pulvinar (−0.795/0.887) .994

TDP-43 type B NA NA .956

TDP-43 type C .030 14/95 MD 1 .018 0/85

tau-Pick's tau-PSP <.0005 100/100 LD/Intralaminar/LGN (−1.15/1.537/1.05) .013 100/25

TDP-43 type A <.0005 88/73 Pulvinar 1 .025 65/67

TDP-43 type B .001 94/67 LGN 1 .979

TDP-43 type C <.0005 77/75 Intralaminar/MD/LGN (0.694/−0.977/0.806) .964

tau-PSP TDP-43 type A .019 50/100 VPL 1 .937

TDP-43 type B .052 100/67 Intralaminar 1 .628

TDP-43 type C <.0005 100/100 AV/VM/Intralaminar (−1.33/−1.093/2.51) .004 25/95

TDP-43 type A TDP-43 type B .001 100/100 LD/VLa/Midline (0.945/−1.418/1.097) .971

TDP-43 type C <.0005 73/85 Midline/Pulvinar (0.738/0.597) .002 73/80

TDP-43 type B TDP-43 type C NA NA .939

Clinical diagnosis

bvFTD nfvPPA <.0005 84/36 AV/VM/Intralaminar/MGN (0.807/1.091/−1.622/0.667) .045 95/3

PPA-NOS .031 100/0 MGN 1 .982

svPPA <.0005 88/41 VA/Pulvinar (0.782/0.433) <.0005 92/25

FTD-MND .002 100/0 LP 1 .981

nfvPPA PPA-NOS NA NA .991

svPPA <.0005 76/47 VA 1 <.0005 84/41

FTD-MND .004 100/0 LP 1 .007 100/0

PPA-NOS svPPA NA NA .993

FTD-MND .002 87/63 Midline 1 .006 73/50

svPPA FTD-MND <.0005 98/50 LP/Midline/Pulvinar (0.482/0.452/0.543) <.0005 98/13

Notes: “p-Values” represents the Wills' Lambda significance for prediction accuracy, “% CC” represents the percentage of correctly classified subjects

(where the first number refers to the reference group in the first column, and the second number to the group in the second column), while “Predictors”
and “Correlation” represent respectively the nuclei included in the prediction models and their standardized canonical discriminant function coefficients.
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The volumetric comparisons between the FTD groups are

reported in the Table S3.

Results of the discriminant analysis are shown in Table 4. Overall,

the accuracy to correctly classify the groups was higher when using one

or a combination of thalamic nuclei, than the whole thalamus. Among

the genetic groups, the best classification was between MAPT and

C9orf72 using the pulvinar volumes, which correctly classified 70% of

the MAPT carriers and 79% C9orf72 (p < .0005). Among the pathologi-

cal groups, 100% correct classification was obtained between FUS and

tau-PSP using VA, VLp, and intralaminar nuclei (p < .0005), between

tau-Pick's and tau-PSP using LD, intralaminar, and LGN (p < .0005),

between tau-PSP and TDP-43 type C using AV, VM, and intralaminar

(p < .0005), and between TDP-43 type A and TDP-43 type B using LD,

VLa, and midline nuclei (p = .001). Among clinical groups, classification

accuracy was no better than using the whole thalamus (Table 4).

4 | CONCLUSIONS

In a large cohort of FTD patients we have shown that the MD is the

only thalamic nucleus affected across all FTD groups. There is differ-

ential thalamic involvement among the FTD forms, with unique

involvement of the pulvinar in C9orf72 expansions carriers. Involve-

ment of thalamic nuclei was more in the genetic forms of FTD than

the sporadic forms with only MD involvement (and no other nuclei) in

TDP-43 type C and FUSopathies.

The MD is connected to several brain regions typically affected in

FTD (Table 1), particularly prefrontal, temporal, and limbic areas that

play a role in executive function as well as emotional and behavioural

regulation. Prior small pathological studies have shown that the MD is

specifically affected by chronic degenerative changes (e.g., neuronal

depletion, gliosis, and astrocytosis) in FTD (in a single case with

bvFTD (Radanovic et al., 2003) and in a group of ubiquitin-positive

cases (Mackenzie et al., 2006)).

The LD nucleus is also significantly smaller across the genetic and

clinical groups: this is another nucleus with a key role in the limbic sys-

tem, and is strongly connected to regions commonly affected across

the FTD spectrum (Schmahmann, 2003) (Table 1).

Our findings of unique pulvinar atrophy in C9orf72 expansion car-

riers are in line with the literature on imaging (Lee et al., 2014; Lee

et al., 2016) and with pathological studies (Vatsavayai et al., 2016;

Yang, Halliday, Hodges, & Tan, 2017) that have previously shown

pulvinar involvement in C9orf72 carriers: one histological study

showed that almost all the neurons in the pulvinar had inclusions con-

taining TDP-43 and dipeptide repeat proteins (Vatsavayai et al.,

2016). The pulvinar is a key region for limbic functions and intra-

modality integration of sensory information (Schmahmann, 2003)

(Table 1). Atrophy in this nucleus can lead to altered processing of

pain, hallucinations, and both affective and psychotic symptoms. This

is in line with frequently reported clinical symptoms in C9orf72 car-

riers that tend not to be found in other forms of FTD (Ducharme,

Bajestan, Dickerson, & Voon, 2017; Fletcher et al., 2015). We also

found that the LGN was particularly affected in C9orf72, an area

previously linked to visual hallucinations which are a common feature

of this genetic group (Ducharme et al., 2017; Kertesz et al., 2013).

We showed that by using the volume of a single thalamic nucleus

or a combination of them, the accuracy in distinguishing between pairs

of FTD subgroups was considerably higher than the accuracy in using

the whole thalamus alone, especially for the genetic and pathological

groups. This suggests that measuring individual thalamic nuclei rather

than the whole thalamus may prove to be a better diagnostic biomarker

for FTD, potentially as part of a wider set of volumetric measures.

Limitations of this study include the use of different scanners

(three manufacturers, two different magnetic fields: 1.5 T and 3 T)

with slightly different MRI sequence types. Even if we correct for

scanner type and gender in the statistical model, we cannot

completely remove some of the intrinsic heterogeneity due to these

variables. However the algorithm operates at an internal resolution of

0.33 mm, which might compensate for the different native resolutions

of the scans. Moreover, due to its unsupervised model for image

intensities and to its Bayesian nature, this segmentation method is

agnostic to the contrast of the MR images, and it is thus robust to the

contrast changes between the scans acquired on different scanners.

Whilst we used an automated method to extract the thalamic nuclei

volumes, which is not as accurate as manual segmentation on dedi-

cated MRIs or on brain tissue post-mortem, we combined the

52 regions in the initial segmentation into 14 nuclei in order to

decrease the effect of a less reliable delineation on T1-weighted MRI.

Furthermore, manual segmentation is extremely time-consuming and

labour-intensive in such a large cohort. As there is no reliable measure

of disease severity for FTD, and there is heterogeneity across its

forms in the rate of disease progression, another limitation is the diffi-

culty in characterising the level of disease severity between groups.

Further studies with longitudinal data and both diffusion-weighted

and functional MRI are needed to understand the differential involve-

ment of thalamic nuclei over the course of the disease, and the changes

in thalamic connectivity to other regions of the brain. Particularly

important will be the investigation of presymptomatic mutation carriers

in whom the earliest disease changes can be seen. However, this study

has already highlighted both common and unique features of thalamic

nuclei involvement across the FTD spectrum, adding to our understand-

ing of the heterogeneity of this neurodegenerative illness.
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