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Abstract

INTRODUCTION:We investigated in vivo themicrostructural integrity of the pathway

connecting the locus coeruleus to the transentorhinal cortex (LC-TEC) in patients with

Alzheimer’s disease (AD) and frontotemporal dementia (FTD).

METHODS: Diffusion-weighted MRI scans were collected for 21 AD, 20 behavioral

variants of FTD (bvFTD), and 20 controls. Fractional anisotropy (FA), mean, axial,

and radial diffusivities (MD, AxD, RD) were computed in the LC-TEC pathway using

a normative atlas. Atrophy was assessed using cortical thickness and correlated with

microstructural measures.

RESULTS: We found (i) higher RD in AD than controls; (ii) higher MD, RD, and AxD,

and lower FA in bvFTD than controls and AD; and (iii) a negative association between

LC-TECMD,RD, andAxD, and entorhinal cortex (EC) thickness in bvFTD (all p<0.050).

DISCUSSION:LC-TECmicrostructural alterations aremorepronounced in bvFTD than

AD, possibly reflecting neurodegeneration secondary to EC atrophy.

KEYWORDS

Alzheimer’s disease, behavioral variant frontotemporal dementia, diffusion tensor imaging,
entorhinal cortex, locus coeruleus

Highlights

∙ Microstructural integrity of LC-TEC pathway is understudied in AD and bvFTD.

∙ LC-TECmicrostructural alterations are present in both AD and bvFTD.

∙ Greater LC-TECmicrostructural alterations in bvFTD than AD.

∙ LC-TEC microstructural alterations in bvFTD are associated to EC neurodegenera-

tion.
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1 INTRODUCTION

The locus coeruleus (LC) is a small brainstem nucleus located in the

posterior pons, adjacent to the fourth ventricle.1 The LC is the pri-

mary source of norepinephrine, a neurotransmitter that regulates

several behavioral and cognitive processes, from arousal to memory,

attention, stress, emotion, and inhibitory control.2 The integrity of

the LC, especially its rostral portion, and of its ascending noradrener-

gic tract has been reported to decline with age and to be associated

with reduced memory performance.3 In addition, LC dysfunction is

thought to be involved in the pathophysiology of several psychiatric

and neurodegenerative diseases, including Alzheimer’s disease (AD)

and frontotemporal dementia (FTD).4 In AD, neuropathological stud-

ies indicate that the LC might be the earliest site of tau pathology:

pre-tangle forms of tau have been observed in the LC cells before

spreading to the transentorhinal (TEC; stage I), entorhinal cortex (EC;

stage II), limbic, and neocortical regions (stages III-VI).5 In FTD, LC is

probably affected in a later phase than AD, as tau pathology is ini-

tially detected in the limbic cortex, including the EC (Phase I), and

subsequently spreads to subcortical and brainstem nuclei (Phase II),6

suggesting anopposite trajectory.Direct comparisonsbetweenADand

FTD indicate that LC pathological changes are generallymore severe in

AD,7 possibly reflecting the different patterns of pathology spread.

Histological evidence suggests that the connectivity between the LC

and the temporal cortex might be compromised in AD. Compared to

controls, patients showdecreased concentrations of norepinephrine in

the temporal cortex and other targets of LC projections.8 The discon-

nection might be related to the concomitant presence of tau pathol-

ogy, which is thought to propagate along axonal pathways according

to a prion-like mechanism,9 leading to axonal injury, and cognitive

impairment.10,11 This hypothesis is supported by histological studies in

AD showing that axons arising from the LC and joining to the ascending

dorsal bundle of the norepinephrine system are filled with hyper-

phosphorylated tau.12 Moreover, preclinical models reported that tau

deposition in the LC is correlatedwith decreased innervation to the EC

and impairment of reversal learning.13 However, evidence of damage

to this axonal pathway is mixed as other studies reported no spread of

tau pathology to the EC after the injection of tau fibrils in the LC.14,15

These results suggest that pathology might exploit connections other

than axons, and their assessment in vivomay clarify this point. In FTD,

evidence fromhistological and animal studies on LC axonal impairment

is lacking. However, an ex vivo study reported higher levels of nore-

pinephrine system in limbic regions (hippocampus and amygdala) in

behavioral variant of FTD (bvFTD) than AD, while no difference was

detected compared to controls.16 A deleterious effect on LC-TEC con-

nectivity may be hypothesized based on neuropathological evidence

of pathology spread from the EC to the brainstem,6 and of prion-like

mechanisms in FTD.9,17 Tau-related axonal injury of the LC-TEC path-

way could therefore represent a key feature of AD and FTD, and the

assessment of this white matter (WM) tract may provide a promising

marker.

Research in context

1. Systematic review: We searched the literature (e.g.,

PubMed) for studies investigating the microstructural

integrity of the locus coeruleus-transentorhinal cortex

(LC-TEC) pathway in Alzheimer’s disease (AD) and behav-

ioral variant of frontotemporal dementia (bvFTD). This

tract might be affected early by neurodegeneration in

these diseases, however in vivo evidence of microstruc-

tural changes is very limited.

2. Interpretation: Our results showed that microstructural

impairment of the LC-TEC pathway is detectable in both

AD and bvFTD, but is more pronounced in the latter

group. LC-TEC microstructural impairment was associ-

ated with entorhinal cortex atrophy in bvFTD, suggesting

that these alterations might be secondary to cortical

neurodegeneration.

3. Future directions: A deeper investigation of LC-TEC

microstructural alterations in AD and related neurode-

generative diseases with diffusion imaging has the poten-

tial to clarify the pathophysiology of these disorders and

to provide additional diagnostic markers.

Diffusion weighted imaging (DWI) enables to assess in vivo the

integrity of WM axonal pathways. Diffusion tensor imaging (DTI) is

the most common approach and can characterize the microstructural

properties of brain tissue using four diffusivity scalar indices, that is,

fractional anisotropy (FA), mean, radial, and axial diffusivities (MD, RD,

andAxD, respectively).18 Toour knowledge, noneuroimaging studyhas

yet investigated the integrity of the LC-TEC pathway in FTD. As con-

cerns AD, only two DTI studies assessed the microstructural integrity

of the LC-TEC pathway: one study found increased RD,19 while the

other one reported no change in free-water-corrected FA (i.e., FA

maps after the elimination of partial volume effects of freely diffus-

ing water).20 These preliminary results suggested the view of LC-TEC

pathway microstructural impairment in AD. However, they did not

assess other measures that may provide a more comprehensive char-

acterization of WM microstructural changes in AD, such as MD and

AxD.21

In this study, we investigated the microstructural integrity of the

LC-TEC pathway in AD and FTD using DTI. We expected to observe

reduced integrity of this tract in patients compared to cognitively nor-

mal (CN) controls. Based on neuropathological evidence supporting an

earlier involvement5 and more severe LC pathological changes in AD

than FTD,7,16 we hypothesized greater LC-TEC impairment in the for-

mer group. Finally, given its anatomical connection with the EC and

the role played by these regions in memory,22 we hypothesized that

LC-TECmicrostructural impairment would be associated with both EC

atrophy andmemory deficits.
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2 METHODS

2.1 Participants

Twenty-two AD, 22 bvFTD, and 20 CN participants were recruited in

the context of theNetCogBs study (https://clinicaltrials.gov/ct2/show/

NCT03422250), a clinical trial aimed at investigating imaging and cog-

nitive longitudinal effects of a non-invasive brain stimulation protocol.

Further details are provided in Supplementary materials (Appendix

A). All participants provided written informed consent in accordance

with the Declaration of Helsinki. The study was approved by the

local Ethics Committee (Comitato Etico IRCCS San Giovanni di Dio –

Fatebenefratelli, Number 43/2014).

2.2 MRI protocol

Diffusion-weighted and structural T1-weighted MRI data were

acquired on a 3T Philips Achieva system equipped with an eight-

channel head coil (University Hospital of Verona, Italy). The

following parameters were used: (i) for 3D T1-weighted images,

TR/TE = 8/3.7 ms, flip angle = 8◦, resolution = 1 mm3 isotropic,

180 sagittal slices; (ii) for DWI (axial spin-echo EPI sequence),

TR/TE = 10269/55 ms, flip angle = 90◦, P > A phase-encoding, res-

olution = 2 mm3 isotropic, 60 axial slices, b-value = 1000 s/mm2; 32

directions plus 1 b= 0 s/mm2; (iii) for 2D FLAIR, TR/TE= 9000/90 ms,

TI = 2500 ms; flip angle = 150◦, resolution = 0.86×0.86×5 mm3, 35

axial slices.

2.3 MRI processing

Diffusion-weighted data were pre-processed using the FMRIB’s Dif-

fusion Toolbox and Tract Based Spatial Statistics (TBSS), part of the

FMRIB’s Software Library (http://www.fmrib.ox.ac.uk/fsl/, v6.0). All

3D T1-weighted images were processed using the standard cross-

sectional pipeline of FreeSurfer v6.0 (https://surfer.nmr.mgh.harvard.

edu/).23 Finally, FLAIR images were processed using the lesion predic-

tion algorithm (LST toolbox; statistical-modelling.de/lst.html). Details

on MRI data pre-processing are provided in Supplementary materials

(Appendix B, Figure S1 and Figure S2).

2.4 Statistical analysis

Statistical analyses for LC-TEC pathway DTI and morphological met-

rics, and for cognitivemeasures were performed using R (https://www.

r-project.org/; version 4.0.1) and the RStudio GUI (http://www.rstudio.

com/; version 1.3.1073). Non-parametric statistics was used due to

the small samples and non-normal data distribution. Group differences

in LC-TEC DTI, morphological, and cognitive variables were assessed

using the Kruskal-Wallis test, adjusted using the Dunn-Bonferroni

method for multiple comparisons. Pearson chi-square test was used

for categorical variables. Significance level (p) was set to p < 0.050 for

all tests. Associations between LC-TEC diffusion measures (FA, MD,

RD, and AxD), memory (i.e., scores of immediate and delayed recall

Rey Auditory Verbal Learning Test [RAVLT], Rey–Osterrieth Complex

Figure [ROCF] recall, Short-Story Recall Test [SRT] recall, and Paired

Associates Learning [PAL] tests), and EC thicknesswere assessed using

the Spearman rank correlation test in AD and bvFTD separately. Only

DTI measures that emerged as statistically different between CN and

AD or between CN and bvFTD were considered for correlation anal-

yses. Correlations with memory were corrected for the number of

cognitive tests (n = 5, p < 0.010). Correlation slopes were compared

across patients’ groups using the ANOVA model and testing for inter-

actions between slope and diagnosis. Voxelwise statistical analyses of

TBSS output were performed using randomise (https://fsl.fmrib.ox.ac.

uk/fsl/fslwiki/Randomise).24 Skeletonized DTI maps were compared

between groups using permutation-based non-parametric two-sample

t-tests (number of permutations = 5000). Significance level was set

to p < 0.050, family-wise error rate was corrected at the cluster level

using the threshold-free cluster enhancement method.

Whole-brain cortical surface-based vertex-wise analyses were per-

formed using the General Linear Model (mri_glmfit). Significance level

was set to p < 0.050, cluster-wise corrected for multiple comparisons,

and Bonferroni adjusted for hemispheres (n= 2).

3 RESULTS

3.1 Participants’ features

Table 1 shows the demographic, clinical, and cognitive data, and

the complete neuropsychological assessment of participants. Patients

were more impaired than CN in all clinical features and cognitive

domains (all p < 0.050). There were no differences between AD and

bvFTD in memory scores (all p > 0.050), while bvFTD scored worse

than AD in language, executive functions, and emotion recognition

(p< 0.050).

3.2 LC-TEC microstructure in AD and bvFTD

Significant differences between groups in diffusivity measures of the

LC-TEC pathway are shown in Figure 1. In AD vs. CN, higher RD

emerged in the left hemisphere (p = 0.033), while no differences were

detected for other DTI indices (Figure 1). In bvFTD vs. CN, lower FA

in the right LC-TEC pathway (p = 0.018), and higher MD, RD, and AxD

bilaterally (p< 0.006) were detected (Figure 1).

Finally, when patient groups were compared, bvFTD revealed lower

FA (p = 0.011), and higher MD and RD (p = 0.030 and p = 0.021,

respectively) in the right LC-TEC than AD (Figure 1).

3.3 Correlations with EC thickness

In AD, no significant association emerged between the left LC-TEC

pathwaymicrostructural impairment (i.e., increasedRD) and the left EC

thickness (rho= 0.09, p= 0.707).
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TABLE 1 Sample features.

CNM± SD

[range]

ADM± SD

[range]

bvFTDM± SD

[range]

Test value

(df,2) p

Demographics

Age, years 72± 6 [62-83] 72± 6 [61-84] 70± 10 [52-83] H= 0.11 0.944

Sex, females (%) 10 (50%) 12 (57%) 12 (60%) X2 = 0.43 0.806

Education, years 11± 5 [5-18] 9± 4 [5-18] 8± 4 [5-18] H= 5.22 0.073

Clinical and
neuropsychological
assessment

Disease duration, years – 2± 2 [0-5] 2± 2 [0-5] H= 0.02 0.882

CDR 0.0± 0.0 [0.0-0.0] 0.7± 0.2 [0.5-1.0] 0.8± 0.4

[0.5-2.0]

H= 45.30 <0.001 *,**

MMSE 29± 2 [27-30] 21± 2 [18-25] 22± 4 [15-30] H= 36.77 <0.001 *,**

Vascular burden, ml 0.39± 0.6 [0.0-1.7] 2.6± 4.8 [0.1-18.6] 4.9± 5.0

[0.1-17.7]

H= 20.81 <0.001 *,**

Memory

RAVLT

Immediate 46± 7 [33-65] 21± 7 [6-33] 21± 7 [12-39] H= 38.98 <0.001 *,**

Delayed 10± 2 [4-14] 1± 2 [0-5] 3± 3 [0-8] H= 39.95 <0.001 *,**

Rey–Osterrieth

complex figure, recall

15± 4 [9-26] 2± 3 [0-9] 5± 5 [0-17] H= 38.55 <0.001 *,**

Short-Story Recall Test,

total score

13± 3 [9-21] 3± 2 [0-10] 4± 4 [0-14] H= 36.62 <0.001 *,**

Paired Associates

Learning, errors

34± 16 [8-64] 168± 27

[104-204]

145± 56

[22-217]

H= 36.32 <0.001 *,**

Executive functions

Trail making test

A 46± 10 [26-68] 123± 86 [40-328] 140± 98

[43-443]

H= 26.20 <0.001 *,**

B 129± 46 [60-232] 394± 203

[85-773]

281± 146

[121-531]

H= 16.62 <0.001 *,**

Difference (B–A) 84± 45 [16-186] 312± 27 [42-677] 197± 115

[78-357]

H= 13.96 <0.001*

Digit Span

Forward 6± 1 [4-7] 5± 1 [3-7] 4± 1 [3-6] H= 16.03 <0.001 **,***

Backward 4± 1 [0-5] 3± 2 [0-5] 2± 2 [0-5] H= 10.84 0.004 **

Visuospatial abilities

Clock test 12± 1 [8-13] 6± 4 [0-12] 8± 3 [3-12] H= 30.77 <0.001 *,**

Rey–Osterrieth

complex figure, copy

30± 4 [22-36] 21± 10 [0-36] 19± 9 [3-32] H= 18.61 <0.001 *,**

Language

Semantic verbal fluency 40± 6 [29-51] 19± 8 [7-33] 17± 8 [6-36] H= 38.35 <0.001 *,**

Phonemic verbal

fluency

35± 8 [23-52] 24± 10 [4-40] 13± 9 [1-28] H= 30.17 <0.001 *,**,***

Token test 34± 2 [30-37] 27± 5 [17-33] 24± 6 [12-34] H= 36.42 <0.001 *,**

(Continues)
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TABLE 1 (Continued)

CNM± SD

[range]

ADM± SD

[range]

bvFTDM± SD

[range]

Test value

(df,2) p

Emotion recognition and
theory of mind

Ekman 60-Faces Test 47± 5 [38-54] 40± 8 [23-50] 27± 11 [10-47] H= 28.44 <0.001

Reading themind in the

eyes test

20± 3 [14-26] 17± 4 [9-25] 12± 4 [5-20] H= 26.90 <0.001 *,**

Note: Demographic, clinical, and neuropsychological assessment of 20 cognitively normal (CN) controls, 21 Alzheimer’s disease (AD), and 20 behavioral vari-

ants of frontotemporal dementia (bvFTD). Values are reported asmean (M)± standard deviation (SD) and range [min-max], or percentage (%).H andX2 denote

the Kruskall-Wallis and the Pearson’s chi-squared tests’ values, p denotes the significance level (set to p< 0.050). Significant results are reported in bold.

Abbreviations: CDR, Clinical dementia rating scare; df, degrees of freedom; MMSE, Mini-Mental State Examination; n, number; RAVLT, Rey Auditory Verbal

Learning Test.

*,**,*** p<0.050 for x2 orKruskal-Wallis test, adjusted formultiple comparisons (Dunn-Bonferronimethod) for: * CN vsAD; ** CN vs bvFTD; *** AD vs bvFTD.

F IGURE 1 Microstructural impairment of the locus coeruleus-transentorhinal cortex (LC-TEC) pathway in AD and behavioral variant of
frontotemporal dementia (bvFTD) patients. Differences between 20 cognitively normal (CN), 21 Alzheimer’s disease-related dementia (AD), and
20 bvFTD patients in DTI metrics. Each dot represents a subject, horizontal and vertical bars denote themean and the standard deviation,
respectively. Values denote the statistical significance after themultiple comparisons’ correction (p adjusted). Only significant results (p< 0.050)
are reported.

In bvFTD, higher MD, higher RD, and higher AxD in the right LC-

TEC pathway were negatively associated to the right EC thickness

(rho=−0.68, p= 0.001; rho=−0.45, p= 0.050; rho=−0.65, p= 0.002,

respectively; Figure 2). No significant results (p > 0.050) emerged

when testing the correlation between the right FA and right EC thick-

ness, nor between DTI metrics in the left hemisphere and the left EC

thickness. Significant interactionsbetweencorrelation slopes anddiag-

nosis were detected for the right MD and the right RD (p < 0.015)

(Figure 2).

3.4 Correlations with memory

In AD, no significant results emerged when testing the correlation

between the left RD of the LC-TEC pathway and memory (p > 0.050

for all).

In bvFTD, a negative association emerged between memory (ROCF

recall score) and the right RD of LC-TEC pathway (rho = −0.46,

p = 0.039), but not surviving to the multiple comparisons’ corrections.

No significant results emerged when testing the correlation between

the left DTI metrics andmemory (p> 0.050 for all).

3.5 Whole brain DWI and T1 analyses

The whole-brain diffusion analysis showedwidespread patterns of sig-

nificantly (p < 0.050) reduced FA and increased MD, RD, and AxD in

patients compared to CN (Figure S3). When compared to AD, bvFTD

subjects showed lower FA and higher MD, RD, and AxD in frontal and

temporal tracts (Figure S3).

The regional anatomical analysis (Table S1) showed lower cortical

thickness in AD and bvFTD compared to CN in bilateral temporal

(including EC, hippocampus, and amygdala), frontal, and parietal lobes

(p < 0.050). AD also showed lower thickness than CN in the occipital

lobe (p < 0.050). Compared to bvFTD, AD showed (i) lower cortical

thickness in the temporal (left fusiform gyrus), parietal (isthmus), and

occipital (left lateral) cortex and, (ii) higher cortical thickness in the

frontal cortex (right pars opercularis and pars orbitalis, left pars
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F IGURE 2 Correlations between the locus coeruleus-transentorhinal cortex (LC-TEC)microstructural changes and entorhinal cortical
thickness in Alzheimer’s disease (AD) and behavioral variant of frontotemporal dementia (bvFTD) patients. Significant associations were detected
between diffusivitymetrics of the right LC-TEC pathway and the right entorhinal cortex thickness in bvFTD. Each dot represents a subject. Rho and
p values denote Spearman’s rank correlation coefficient and the statistical significance (set to p< 0.050), respectively. Brackets denote the
interaction between correlation slopes and diagnosis. ns= not significant.

triangularis, and medial orbitofrontal cortices, and bilateral

orbitofrontal and frontal pole; p < 0.050; Table S1). Similar results

were reported from the whole-brain cortical surface-based analysis

(Figure S4).

4 DISCUSSION

The assessment of the LC integrity and functioning is attracting

increasing interest due to the potential of this region to provide an

early biomarker for neurodegenerative diseases. Along these lines,

functional and neuromelanin-sensitive imaging studies of LC have

already demonstrated altered connectivity (i.e., reduced connectiv-

ity with posterior cingulate and parahippocampal cortices, increased

connectivity with frontal cortex)25 and reduced integrity26 in AD. In

contrast, evidence on LC structural connectivity is still limited in AD

and completely lacking in bvFTD.

In this study, we observed significant microstructural differences in

the LC-TEC pathway of bvFTD and AD relative to CN. Althoughwhole-

brain analyses revealedwidespreadmicrostructural andmorphological

abnormalities encompassing the temporal and EC cortex of both

patient groups, LC-TEC pathway impairment predominantly emerged

in bvFTD. Specifically, bvFTD showed right-lateralized reduced FA and

bilaterally increased diffusivity (MD, RD, and AxD), while AD showed

only left-lateralized increasedRD.TheseMD,RD, andAxDwereassoci-

atedwith EC thickness in bvFTD.Direct comparisons betweenpatients

confirmed that microstructural abnormalities were more pronounced

in bvFTD than AD in the right LC-TEC pathway.

Our major finding is the pervasiveWM degeneration of the LC-TEC

pathway in bvFTD compared to CN and AD, probably reflecting the

hemispheric dominance for behavioral symptoms and neurodegener-

ation of bvFTD.27 To our knowledge, this is the first study showing

in vivo LC-TECmicrostructural impairment in bvFTD, as previous stud-

ies were almost exclusively conducted in AD or in Parkinson’s disease.

Our results corroborate previous neuropathological evidence point-

ing to an involvement of this region in FTD6 and highlight the need

of a deeper exploration and understanding of its role in this disease

as well. The deterioration of WM integrity in bvFTD might reflect

the deleterious effect of the underlying pathology that spreads along

neuroanatomically connected brain regions.11,28 The increased AxD

and RD found in bvFTD could indicate axonal degeneration and loss,

respectively.18 Reduced FA and higher MD are traditionally also con-

sidered nonspecific sensitive markers of neurodegeneration, and they

may be due to a range of degenerative phenomena (e.g., neuronal loss,

fibers loss, demyelination, or a combination of them).18 While all these

mechanisms are plausible explanations for the LC-TEC pathway dete-

rioration, the observed association between increased AxD/MD and

reduced EC thickness in bvFTD is also consistent with axonal degen-

eration secondary to EC atrophy. While axons of the LC-TEC pathway

are typically poorly myelinated29 the presence of densely packed axon

membranes is sufficient to introduce diffusion anisotropy, with much

more hindered diffusion transverse than parallel to the fiber.30 In this

particular case, an increase in RD canmost likely be attributed to a loss

of axons, or axonal degeneration resulting in increased axonal mem-

branepermeability. An increase inAxDcould result also from increased

mobility in the extra-axonal space secondary to the loss of axons or

of astrocytic processes, while intra-axonal damage with changes in

cytoskeleton typically result rather in decreased AxD.31,32

Concerning the AD group, we found a left-lateralized pattern of LC-

TEC microstructural abnormalities, probably reflecting hemispheric

dominance for thediseases’ progressioneven in this case.33 Our results

were also consistent with previous DTI reports showing increased RD

and no difference in FA relative to the CN.19,20 These results are only

partially in line with our hypothesis and thewhole-brain diffusion anal-

ysis, as we observed only a mild impairment of this fiber notwithstand-

ing extensive FA,MD, andAxDdifferences in other tracts.One possible
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explanation for this unexpected result might be that our study was not

sufficiently powered to detect these changes, or that the DTI metrics

were not sufficiently sensitive. Still, we observed robust differences in

the bvFTD group, which was comparable for size, cortical atrophy, and

cognitive impairment. These results do not support the view of a direct

effect of pathology on LC-TEC pathway integrity, which was hypothe-

sized basedonneuropathological data and the prion-like spreadmodel.

They are also at odds with the hypothesis of neurodegeneration sec-

ondary to EC atrophy, since we found no associations between LC-TEC

microstructure metrics and EC thickness in AD, but could fit with the

hypothesis of neurodegeneration secondary to LC atrophy in more

advanced disease stages.34 Of note, neuronal loss in the LC of AD

has been associated with compensatory changes in the noradrener-

gic system such as increased release of norepinephrine.35 Thus, we

speculate that the degeneration of the LC-TEC pathway could occur

onlywhen compensatory systems fail to provide sufficient levels of this

neurotransmitter. Another possible explanation may be that LC-TEC

changes are masked by other concurrent processes, such as inflamma-

tion. Norepinephrine depletion has been associated with inflammation

and elevated β-amyloid deposition in an AD animal model.36 Thus, in

more advanced stages of AD, reduced norepinephrine levels in the

LC might be linked with neuroinflammation that negatively affect the

detection of DTI alterations.32 Neurodegeneration and inflammation

have opposite effects on diffusivity measures, the former increasing

diffusivity and the latter reducing it, possibly resulting in a lessdramatic

change in overall diffusivity when both processes are overlapping.37,38

Furthermore, DTI dynamics over AD course are non-monotonic, in par-

ticular in relationship with amyloid burden, and cross-sectional studies

suffer from the potential caveat of comparing patients at different

moments on the pathological trajectory of DTI metrics.39,40 A fur-

ther possible explanation might be suggested by AD animal models,

reporting that propagation might occur through alternative pathways,

for example, through tracts connecting to the amygdala or olfactory

cortex.14,15

Overall, the finding of greater LC-TEC microstructural involve-

ment in bvFTD than AD in agreement with previous neuroimaging

reports showing that WM damage is more pronounced in bvFTD,41,42

and was also confirmed by our whole-brain diffusion analysis. These

results have been previously interpreted as indicative of a greater

aggressiveness in bvFTD or a different trajectory of subcortical

degeneration.41,42 Since our AD and bvFTD showed similar disease

severity (Mini-Mental State Examination [MMSE] and Clinical Demen-

tia Rating Scale [CDR] scores), disease duration, and ECneurodegener-

ation, both these hypotheses are plausible.

In our study, we observed a general LC-TEC microstructural asym-

metry, that is, higher left than right FA values and lower left than right

diffusivity values in bothCNandpatients. PreviousDWI studies gener-

ally averaged values across hemispheres,19,20 thus a direct comparison

with our results is not feasible. However, this asymmetric pattern is

consistentwith previousDTI studies reporting higher left than right FA

or stronger leftward connectivity in temporal regions.43,44

Finally, we did not observe significant associations between LC-

TEC microstructural changes and memory after multiple comparisons’

correction. This finding was unexpected given the close anatomical

connection of the LC-TECwith the ECand the role played by this region

in memory.22 This null result might indicate that memory deficits are

moredirectly related toECneurodegeneration than LC-TECabnormal-

ities or that our cognitive tests were not sensitive enough (e.g., due

to floor effects). A post-hoc analysis supported the former explanation,

as we observed a positive significant association between the left EC

thickness and memory in both AD (RAVLT delayed, ROCF recall, and

SRT scores; rho= 0.56, p= 0.009, rho= 0.46, p= 0.040, and rho= 0.56,

p= 0.008, respectively) and bvFTD (PAL score; rho= 0.48, p= 0.037).

This study has several limitations that should be considered. Main

limitations include the cross-sectional design and the relatively small

sample size. The lack of systematic amyloid/tau biomarkers or genetic

testing to confirm the clinical diagnosis in patients and to exclude

early pathology in CN. Particularly, the lack of biological assessment

may have limited statistical sensitivity. Biomarkers were available only

for 30% of patients, thus we cannot exclude that some AD did not

have amyloid pathology, nor the type of proteinopathy of FTD. Since

proteinopathies differently affect gray and WM tissues,45–48 future

studies including well biologically characterized cohorts will allow for

a more comprehensive assessment of LC microstructural changes in

these diseases. Moreover, as we did not collect sequences sensitive

to neuromelanin, we could not assess LC volumes and test whether

LC-TEC microstructural changes were related to LC atrophy. Using

standard atlases to derive the LC volume might overcome this limita-

tion, but would be suboptimal at current MRI resolution, especially in

a population characterized by a high degree of atrophy. Future stud-

ies with in vivo biomarkers of brain pathology and LC volumetry can

properly address these issues. Finally, the sensitivity of conventional

DTImetrics is probably limited in AD, and other approachesmay prove

more powerful. For example, Chu et al.20 recently detected significant

changes in free-water, and direct comparisons between this measure

and conventional DTI metrics suggest that the former may be more

sensitive to AD changes. However, free water elimination measure-

ment requires the acquisition of at least two non-zero b-values to be

properly determined, which is not usually available in standard DWI

protocols. The sensitivity of DTI is also limited in presence of bun-

dles with different orientations (e.g., crossing fibers), which may affect

the water diffusivity. Finally, DWI collected in clinical settings often

do not collect images with reverse phase encodings to correct dis-

tortions induced by susceptibility effects. Future studies using more

advanced approaches (e.g., diffusion kurtosis imaging, multi-shell DWI,

higher spatial resolution, two-phase encodings) might provide a better

characterization of thesemicrostructural changes.49

This studyhas also several strengths. This is the firstDTI study inves-

tigating LC-TEC impairment in bvFTD and comparing these abnormali-

ties with AD. Moreover, one advantage of DWI techniques is that they

offer the possibility to assess pathology-related degeneration non-

invasively, as would be the case with PET markers of amyloid and tau.

This is especially relevant for the LC, as a direct assessment of tau

pathology in the LC is not feasiblewith current PET systems resolution.

This study potentially paves theway for deeper investigations on LC

assessment in neurodegenerative disease. From a clinical-diagnostic

perspective, our results indicate that a conventional DTI approach (i.e.,

single-shell and single tensor model) might be sensitive to LC-TEC
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pathway alterations in bvFTD. Finally, future studies collectingmarkers

of tau and non-tau pathology to characterize the biological profile of

patients (e.g.,with cerebrospinal fluid or positronemission tomography

assessment) would in vivo address the different effect proteinopathies

on LC degeneration.

In conclusion, our results show that, in our patients’ cohort, the

microstructural impairment of the LC-TEC is greater in bvFTD than

AD. These microstructural alterations might reflect neurodegener-

ation secondary to atrophy from the projecting region (LC in AD,

EC in bvFTD). These results do not support the view of a greater

microstructural LC-TEC pathway damage in AD relative to bvFTD.

Futureworkswill focus on examining the generalizability of this finding

in larger clinical cohorts of AD vs bvFTD, using publicly-available data

or consortia. The assessment of the LC-TEC tract may be a valuable

addition to conventional DWI analysis in bvFTD to improve diagnostic

classification.
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