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Abstract

The locus coeruleus is the main noradrenergic nucleus of the brain and is often affected in neurodegenerative diseases.
Recently, magnetic resonance imaging with specific T1-weighted sequences for neuromelanin has been used to evaluate
locus coeruleus integrity in patients with these conditions. In some of these studies, abnormalities in locus coeruleus signal
have also been found in healthy controls and related to ageing. However, this would be at variance with recent post-mortem
studies showing that the nucleus is not affected during normal ageing. The present study aimed at evaluating locus coeruleus
features in a well-defined cohort of cognitively healthy subjects who remained cognitively intact on a one-year follow-up.
An ad-hoc semiautomatic analysis of locus coeruleus magnetic resonance was applied. Sixty-two cognitively intact subjects
aged 60-80 years, without significant comorbidities, underwent 3 T magnetic resonance with specific sequences for locus
coeruleus. A semi-automatic tool was used to estimate the number of voxels belonging to locus coeruleus and its intensity
was obtained for each subject. Each subject underwent extensive neuropsychological testing at baseline and 12 months
after magnetic resonance scan. Based on neuropsychological testing 53 subjects were cognitively normal at baseline and
follow up. No significant age-related differences in locus coeruleus parameters were found in this cohort. In line with recent
post-mortem studies, our in vivo study confirms that locus coeruleus magnetic resonance features are not statistically signifi-
cantly affected by age between 60 and 80 years, the age range usually evaluated in studies on neurodegenerative diseases. A
significant alteration of locus coeruleus features in a cognitively intact elderly subject might be an early sign of pathology.
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Introduction

The locus coeruleus (LC) is the main noradrenergic (NE)
nucleus of the brain. It is located in the pons, below the floor
of the fourth ventricle, extending along the rostro-caudal
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LC neurons densely innervate cortical and subcortical struc-
tures, and the nucleus plays a key role in wake/sleep cycle
regulation and several cognitive functions (Aston-Jones &
Cohen, 2005; Berridge et al., 1993; Berridge & Waterhouse,
2003; Sara, 2009). The LC degenerates in Parkinson’s dis-
ease (PD) and Alzheimer’s disease (AD) (Braak et al., 2003,
2011; Gesi et al., 2000; Kelly et al., 2017). Conversely, a
recent detailed post-mortem study in a large cohort of sub-
jects has shown that LC does not degenerate during normal
ageing (Theofilas et al., 2017), confirming previous smaller
studies (Fernandes et al., 2012; Mouton et al., 1994; Ohm
et al., 1997), but challenging a previous post-mortem obser-
vation (Manaye et al., 1995).

Recent advancements in Magnetic Resonance Imaging
(MRI) technology have enabled the assessment of the LC
in vivo. LC neurons contain neuromelanin, a by-product of NE
catabolism which is a chelator of metal ions (Martin-Bastida
et al., 2017). The combination of neuromelanin with ions
and macromolecules (including lipids and proteins) within
the LC likely contributes to T1-shortening effects and can be
visualized on T1-weighted images (Betts et al., 2019b). Over
the past 15 years, a number of LC-MRI studies have been
performed in patients affected by neurodegenerative diseases
with different imaging protocols, including 2D-Fast Spin
Echo (FSE)-T1, or Inversion Recovery-weighted images,
or Magnetization Transfer (MT) approach, using 2D Gradi-
ent Echo (GRE) or 3D prepared spoiled GRE (SPGR) or
Turbo FLASH (TFL) sequences, in 1,5 T, 3 T and 7 T scan-
ners (Chen et al., 2014; Dahl et al., 2019; Garcia-Lorenzo
etal., 2013; Keren et al., 2015; Liu et al., 2017, 2019, 2020;
Nakane et al., 2008; Priovoulos et al., 2018; Sasaki et al.,
2006; Schwarz et al., 2017; Shibata et al., 2006). An issue
with these studies is that different approaches of LC-MRI
acquisition and analysis have been used, and only very
recently a more standardized methodological framework
for LC imaging analysis has been suggested (Betts et al.,
2019a, b). Additionally, some authors have also reported LC
abnormalities in healthy elderly subjects (Betts et al., 2017;
Dahl et al., 2019; Liu et al., 2019; Shibata et al., 2006), sug-
gesting an age-related alteration of LC-MRI signal, either
involving the whole nucleus (Shibata et al., 2006), or limited
to its rostral part (Betts et al., 2017; Betts et al., 2019a, b; Liu
et al., 2019). These findings in healthy subjects appear to be
at variance with the most recent post-mortem findings men-
tioned above (Theofilas et al., 2017) but could also be related
to a very initial sublinical pathology in these subjects.

Getting a better understanding of age-related features of
LC-MRI in healthy controls is important for interpreting
LC-MRI data obtained in age-matched patients with neu-
rodegenerative diseases. Therefore, in the present study, a
population of healthy aged subjects was prospectively evalu-
ated over a one-year period. An extensive neuropsychologi-
cal analysis was performed both at baseline, to rule out the
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occurrence of any cognitive impairment, and after prolonged
follow-up, to confirm cognitive integrity. A semi-automated
method of analysis of LC-MRI scans was applied to asses
LC-contrast ratio, as performed in other studies, but also
the number of voxels likely belonging to the LC for a better
evaluation of LC integrity.

Methods

The study was conducted at the Pisa University-Hospital
Neurology Clinic and the MRI scans were performed at
Fondazione “G.Monasterio”’-CNR/Tuscany Region. Partici-
pants were recruited among volunteers who learned about
the study from one of the researchers involved. The study
protocol was approved by the Ethics Committee of Tuscany
Region Area Vasta Nord-Ovest; all included subjects pro-
vided written informed consent.

Subjects

Participants were males/females, aged 60 to 80 years with
no subjective and/or objective complaint of cognitive
impairment and completely autonomous in their daily
routine (Jack et al., 2018). Exclusion criteria were:
severe medical/cardiological comorbidities; psychiatric
comorbidities; neurological disease potentially associated
with cognitive decline; history of drugs/alcohol abuse;
contraindications to MRI; MRI signs of moderate-severe
chronic vascular encephalopathy, according to (Fazekas
et al., 1987), or other significant alterations.

Neurological and neuropsychological evaluation

All participants were submitted to a pre-screening analy-
sis by receiving Mini-Mental State Examination (MMSE)
(Magni et al., 1996). Subjects with MMSE score > 24/30,
underwent complete neuropsychological examination (TO
assessment), including Digit Span (Orsini et al., 1987) and
Corsi Block Span (Orsini et al., 1987) for working memory,
Rey Auditory Verbal Learning Test (Carlesimo et al., 1996)
(RAVLT), Story Learning Test (Carlesimo et al., 2002)
and Free and Cue Selective Reminding Test (Sarazin et al.,
2007) for verbal memory, Rey—Osterrieth complex figure
(Carlesimo et al., 2002) for visuo-spatial memory, Trail
Making Test A,B and B-A (Giovagnoli et al., 1996), Stroop
test (Caffarra et al., 2002), Attentional Matrices (Spinnler &
Tognoni, 1987), and Digit symbol substitution (Lang et al.,
2013), Clock Test (Royall et al., 1998) and Phonemic Flu-
ency Test (Carlesimo et al., 1996) for executive, attentive
and praxis functions (see Table 1 and 2 for sub-sections of
each test). Test scores were standardized for age and educa-
tional level, according to the normative studies cited above.
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Only subjects with a neuropsychological profile within
normal ranges according to the above-quoted normative
studies were finally included in the study. Neuropsycho-
logical evaluation and MRI scan were performed within
30 days of each other. Subjects were re-evaluated clini-
cally/neuropsychologically with the same battery of tests at
12 + 1 months (T1).

MRI protocol

All MR data were acquired with a 3.0-Tesla MR-Unit (GE
Excite HDx, GE, USA) using an 8-channels phased-array
head coil. In addition to LC-sensitive sequence, images of
the entire brain were also acquired. The protocol included
routine 2D-FLAIR (Fluid Attenuation Inversion Recovery),
T2* GRE, Spin Echo(SE) T1- and FSE T2-weighted with
fat saturation and diffusion-weighted imaging.

Locus Coeruleus-sensitive sequence
and post-processing analysis

For LC imaging, the LC-sensitive sequence used was
2D-FSE T1-weighted, acquired along the oblique axial
plane, perpendicular to the fourth ventricle floor,
covering an area from the pons inferior border to the
posterior commissure: TR 600 ms; TE 14 ms; flip angle
90°; echo train length 2; number of excitations (NEX)
5; matrix size 512 X 384; FOV 200 x 200 mm; pixel size
0.39 x0.52 mm; 12 contiguous slices, slice thickness
2.2 mm, slice gap 0; acquisition time 14.29 min. This
rostro-caudal region was selected to make sure including
the whole LC in all of the subjects (Fernandes et al.,
2012).

A semi-automatic procedure was used to calculate
LC signal intensity and the estimated number of voxels
belonging to LC, profiting from a software developed
in-house in Java language. Measurements were carried
out by two trained operators and an analysis of intra-
and inter-rater variability was performed (see Results).
The workflow analysis was composed of sequential
steps performed in the LC-sensitive images (Fig. 1).
The operator placed three rectangular regions of interest
(ROIs, 78 mm? each, same size/shape) in the first slice
containing the LC-complex: two were placed bilaterally
in the ventral pons and used as reference to normalize the
signal intensity of LC, the third was placed at the level of
the fourth ventricle floor to include the LC/subcoeruleus
complex bilaterally; ROIs placement in the first slice was
automatically maintained in the remaining contiguous
slices. At this stage, the software automatically calculated
the intensity threshold, in accordance with Garcia-
Lorenzo et al. (Garcia-Lorenzo et al., 2013); specifically,
the 10-connected voxels with the maximum intensity were

highlighted in both the LC-ROIs, and the threshold was
obtained as the lowest signal intensity of these voxels.
Then, the software selected the initial set of candidate
voxels of the LC as the ones with intensity values
higher than the extrapolated threshold. At this stage, if
the operators recognized that highlighted voxels were
anatomically incongruent with LC (e.g. fourth ventricle
artifacts), they marked them as excluded. The threshold
was then updated and all voxels in LC-ROI above that
threshold were highlighted and from these candidate LC
voxels the operators deselected the ones that they judged
as not anatomically consistent with LC (likely due to
signal noise). In particular, the operators excluded voxels
that were located close to the midline or separated from
the main cluster of voxels selected by the software. From
the remaining voxels two parameters were obtained: a) the
mean LC-Contrast Ratio (LC-CR) of the voxel positive
for LC signal, i.e. the ratio between the mean signal
intensity measured in the LC region (LC;,iry) and the
mean signal intensity of the reference regions (PTj;cpgiry)
[LC-CR = (LCjytensity/P Tintensityl» denoted as “LC-CR”
parameter; b) the estimated number of voxels belonging
to LC (“Vox” parameter) computed as the total number
of LC voxels surviving the above-mentioned analysis.
For each subject, the final value considered for each
parameter was the result of the mean of the four values,
obtained by two measurements by each one of the two
operators.

Statistical analysis

Neuropsychological evaluations at baseline and
follow-up were compared using multilevel mixed-
effects linear regression. To assess associations
between Vox, LC-CR, age, and neuropsychological
tests, Pearson correlation coefficient was used. A two-
sided p < 0.05 was considered statistically significant.
When multiple hypotheses were tested false discovery
rate (FDR) correction was applied. Inter- and intra-rater
agreement of measurements were based on coefficient
of variation (CV) and intraclass correlation coefficients
(ICC) in all subjects. The ICC’s were computed as per
(Shrout & Fleiss, 1979) based on the two-way mixed
effect analysis of variance model with the absolute
agreement type being selected for ICC calculations.
The Inter- and Intra-CV were calculated like an average
value calculated from the individual CVs for all the
duplicate measurements. Inter-CVs of less than 15% are
considered generally acceptable, while Intra-CV's should
be less than 10% (Guidance for industry: bioanalytical
method validation, 2001). Statistical analyses were
performed using STATA software [Stata Statistical
Software: R13. StataCorp LP].
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Results

Sixty-two subjects without any subjective cognitive com-
plaint were recruited. However, nine were excluded from
the final analysis for low MMSE, or due to MRI movement
artifacts or because cognitively impaired in the neuropsy-
chological tests at baseline or at follow-up. Thus, 53 subjects
were included in the final analysis. The mean age at MRI was
71.70 + 4.69, male/female ratio 20/33. The mean educational
level was 9.45 4 4.65 years (range 5—17). Neuropsychologi-
cal battery results were within normality ranges for all of the
subjects included in the final analysis, both at baseline and at
follow-up (Table 1). Multilevel mixed-effects linear regres-
sion, FDR-corrected for multiple comparisons, showed no
relevant differences in the results of neuropsychological tests
by time (Table 1) with the exception of the delayed recall
of the Story Learning Test (p*: 0.96 [0.38/1.54]; p=0.020),
which showed a positive effect of time. However, the scores
of each test for each one of the included participants remained
always within the normality range.

LC-MRI results and intra—/inter-rater agreement

Intra- and inter-observer agreements were assessed by
calculating both the ICC and CV. There was an intra- and
inter-observer agreement for both LC-CR and Vox (Sup-
plementary Table 1). The mean Vox value was 13.62+
3.58 (median: 14.50), while mean LC-CR value was
1.265 4+ 0.037 (median: 1.262). There was no significant cor-
relation between Vox and LC-CR (r: 0.088; p=0.529) (Sup-
plementary Fig. 1).

Correlation of Locus Coeruleus parameters with age

The correlations of the two MRI-LC parameters with age for
the included subjects were not significant (Vox, r: —0.169;
p=0.225; LC-CR, r: 0.042; p=0.764) (Fig. 2).

Relation between Locus Coeruleus parameters
with neuropsychological tests

Linear correlation analysis did not show any relevant cor-
relation between the single subject’s LC-MRI parameters
and neither the MMSE score (Supplementary Fig. 2), nor the
results of neuropsychological tests in the included subjects,
both at baseline and follow-up (Table 2).

Analyses in excluded participants
In the three subjects excluded for cognitive impairment, Vox

was 9.1, 7.5 and 7.3, respectively, and LC-CR was 1.261,
1.227 and 1.250, respectively, and in the three subjects
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excluded for low baseline MMSE, Vox was 17.75, 16.75
and 15.00, respectively, and LC-CR was 1.257, 1.289 and
1.266, respectively.

Discussion

In the present study, the mean intensity and the number
of voxels compatible with LC were assessed in cogni-
tively intact subjects aged 60-80 years by LC-related MRI
sequences. We found that both LC parameters (LC-CR and
Vox) were not significantly correlated with age in this group.
Lack of cognitive alteration was confirmed at follow-up by
extensive neuropsychological testing.

Neuromelanin is a catabolic by-product of catechola-
mines whose accumulation within LC neurons increases dur-
ing ageing reaching a plateau around 60 years of age (Zecca
et al., 2004). Recently, it has been shown post-mortem by
stereological analysis, that the number of LC neurons does
not vary significantly during normal ageing (Theofilas et al.,
2017) confirming similar previous studies (Fernandes et al.,
2012; Mouton et al., 1994; Ohm et al., 1997) but challeng-
ing an older one (Manaye et al., 1995) and others quoted in
Manaye et al. (1995). The latter, however, were performed
without stereological analysis and in relatively small sam-
ples of subjects. Conversely, a marked LC degeneration
has been repeatedly confirmed in Parkinson’s Disease (PD)
(Gesi et al., 2000) and AD (Kelly et al., 2017).

In the last decades, different approaches for estimating
LC features by LC-related MRI have been used ranging from
fully manual to semi-automated segmentation, in native
space or template (Betts et al., 2017; Chen et al., 2014;
Dahl et al., 2019; Garcia-Lorenzo et al., 2013; Liu et al.,
2019; Shibata et al., 2006) (see also the review by Liu and
colleagues (Liu et al., 2017) and the studies mentioned in
the consensus by Betts et al. (2019b). We developed a semi-
automatic segmentation method partially inspired by the one
used by Garcia-Lorenzo and colleagues (Garcia-Lorenzo
et al., 2013) with a couple of significant differences. Firstly,
in the present study, the reference ROIs and the LC-ROI
were defined directly on the native LC-sensitive images,
rather than on template. Secondly, since the operator could
deselect a variable number of LC voxels in the LC-ROI from
those automatically selected by the software (making this
method semi-automated), this analysis method also provided
an estimation of the number of voxels belonging to the LC.
The analysis of the LC-CR and LC-Vox (i.e. number of
voxels belonging to LC) was performed directly in the native
space although we are aware that recent works (Betts et al.,
2017; Dahl et al., 2019; Liu et al., 2019; Liu et al., 2020)
have applied a sophisticated analysis technique profiting
of a template-based approach. Using the template for the
LC segmentation mask could lead to a potential bias in
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A

Fig.1 Method of LC identification in T1-weighted neuromelanin-
sensitive LC images. The figure provides an exemplification of the
sequential steps of LC analysis. Panels A and B show a representa-
tive single slice. Bilateral reference ROIs in the ventral pons, used
to normalize the LC-signal intensity, are shown in orange; the ROI
including the two LC nuclei is shown in green. A. First, the software

volume estimation in individual subjects (Betts et al., 2017;
Dahl et al., 2019; Liu et al., 2019, 2020). Thus, we chose
to perform LC analysis in the native space with the main
aim of calculating the number of voxels belonging to LC in
the single subjects. Furthermore, working in native space
eliminates the need for interpolation into a template space,
which might per se lead to image blurring. It is worth noting
that estimation of LC voxel number has been performed
in only 6 subjects by Chen et al. (Chen et al., 2014) using
analysis in the native space.

That being said, the LC intensity assessed by our method
in the present group of subjects did not show a statistically
significant correlation with age, confirming ex-vivo evidence
(Fernandes et al., 2012; Mouton et al., 1994; Ohm et al.,
1997; Theofilas et al., 2017). Previous data proposing an
age-related LC neuron loss (German et al., 1988; Manaye
et al., 1995) have been questioned because of potential
biases due to morphological analysis and subjects’ selec-
tion. Among LC-MRI studies, Shibata et al. (Shibata et al.,
2006) showed that LC signal increases in younger sub-
jects, reaching a plateau at around fifty years, and then it
declines in the age group between 60 and 70 years. Clewett
et al. (Clewett et al., 2016), and Betts et al. (Betts et al.,
2017) compared MRI LC-CR from old subjects with those
of young ones, and showed a higher LC-CR in the former
group, but they did not specifically assess LC correlation
with age. Recently, in a very large sample of healthy sub-
jects Liu et al. (Liu et al., 2019) found an increase of whole
LC-CR up to 57 years, which remained stable in the older
subgroup. In the study by Liu et al. (2019) subregional

B

automatically highlights in red the 10-connected voxels within the LC
ROI (in consecutive slices-not shown) with the brightest intensity for
each side. Then, the operator recognizes the voxels as anatomically
incongruent for LC (e.g. artifacts in the fourth ventricle) and deselect
them (marked as green). B. The threshold is then updated by the soft-
ware and new voxels with the highest intensity are highlighted in red

analysis revealed a higher LC-CR in the rostral part com-
pared with the caudal region of the LC in aged group, and
rostral LC-CR showed an inverted-U relationship with age.
Dahl et al. (Dahl et al., 2019) did not show reliable differ-
ences in mean LC-CR between young and older adults, but
observed a trend towards a decrease of LC-CR in rostral
segments in the latter group. The present results concerning
LC-CR are in line with the whole-LC-CR results by Liu
et al. (Liu et al., 2019) and Dahl et al. (Dahl et al., 2019),
concerning the age group between 60 and 80 years, while
we did not extrapolate sub-regional informations from our
group of subjects. In fact, the present post-processing pro-
tocol on native space was not designed to allow delineating
a rostral-vs caudal part of LC, due to intrinsic limitations
in terms of anatomical detailing of LC features. This might
represent a limit of our approach compared with those by
(Dahl et al., 2019; Liu et al., 2019).

As detailed above, the semiautomatic method used in
the present study provides an estimated number of voxels
belonging to LC, which might represent an indirect index
of LC volume (with the abovementioned limits of making
anatomical correlation of LC-MRI data). This parameter was
characterized by a certain degree of variability within our
population, despite the quite narrow age range considered,
which is in line with post-mortem studies (Fernandes et al.,
2012; Theofilas et al., 2017). However, no statistically signif-
icant correlation between subjects’ age and Vox was found,
although a slight negative trend could be observed (Fig. 2).
Such a trend could be explained in light of two considera-
tions. First, it could not be excluded that some of the older
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Fig.2 LC-MRI data in cognitively healthy subjects. Distribution
of the volumetric parameter Vox (graph A) and intensity parameter
LC-CR (graph B) by age: no significant relationship between these
two parameters and ageing could be observed. r: Pearson’s coefficient

ones from the present group of subjects may develop cogni-
tive impairment in the future, although their neuropsycho-
logical assessment was preserved at the 12-months follow-
up. Second, ex-vivo stereological studies demonstrated the
occurrence of LC shrinkage through aging, in the absence
of concomitant neuronal loss (Theofilas et al., 2017); this
phenomenon could partly contribute to the slight trend we
observed through indirect LC markers. Thus, LC-Vox may
represent an easily measurable parameter in studies compar-
ing healthy individuals and patients with neurodegenerative
diseases enrolled in clinical trials.

In our sample, we did not find any correlation between
LC-CR and Vox. This means that subjects with different Vox
number may have a similar mean LC-CR and vice-versa.
Thus, a smaller LC, as estimated by Vox, is not necessarily
associated to a lower mean CR. We cannot further speculate
on this lack of correlation, as the precise meaning of CR
is not fully known yet (as it may reflect the neuromelanin
concentrations, the neuronal density, or both, and other fac-
tors as well-Betts et al., 2019a, b). The lack of correlation
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might be also related, at least in part, to the fact that in the
present study only cognitively intact subjects were studied,
and/or to the relatively low number of subjects assessed.
This correlation is worth being addressed by further studies.
Nevertheless, the fact that both parameters, although unre-
lated with each other, do not show a relation with age may
further strengthen the interpretation of a lack of age-related
effect on LC degeneration in normal elderly.

The main reason for the detailed neuropsychological
assessment of our study was to rule out at baseline and
follow-up even mild cognitive alterations. Subjects were
pre-screened by MMSE which had to be higher than 24/30
to be submitted to the screening phase; even though this
MMSE has been shown elsewhere to be too low to correctly
detect cognitively intact subjects (e.g. O'Bryant et al., 2008),
it should be noted that a) all of these subjects after MMSE
underwent an extensive neuropsychological test battery
which had to be within normal values for all of them, both at
TO and at T1, to be included in the analysis; b) none of them
were complaining for any subjective cognitive alteration,
nor any cognitive alteration was reported by their caregivers/
partners both at TO and follow-up; d) MMSE values did not
change significantly, and was never below 24, at follow up,
too. Finally, LC parameters did not correlate with MMSE
score.

As per the study design, subjects analyzed in our study
did not show any cognitive impairment also at follow-up
and there was only a slight variability among subjects for all
cognitive tests. Interestingly, our cohort presented a lower
mean educational level (9.43 + 4.42 years, which is in line
with that of the general Italian population aged 60—80 years)
compared to subjects studied by other authors (e.g. Betts
et al., 2017 — mean educational level 16.0 4 2.0 years). Since
it has been observed that LC assessed by MRI may correlate
with cognitive reserve (Clewett et al., 2016), such a feature
may partly contribute to explain why in the present study it
could not observe any relation between LC and neuropsy-
chological performance.

The age range assessed in the present study is similar
to the one selected in clinical trials on neurodegenerative
disorders. Setting up an appropriate control group formed
by cognitively healthy subjects forms the basis for the study
in age-matched patients with neurodegenerative disease, in
which LC may play a key pathogenic role.

This study has some main limitations. It has been
already mentioned above the reason why this age range (i.e.
60-80 years) was selected; however, we are aware that exclud-
ing subjects older than 80 years might have limited the power
of our analysis, and thus a possible correlation between LC-
and age occurring in older people might be missed. Moreo-
ver, the present analysis might have been affected also by the
relatively low number of subjects included, and, as already
discussed, the native space approach did not allow for regional
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analysis. Thus, potential age-related alterations of different
LC sub-regions could not be assessed by the present analysis,
and this constitutes a further limitation of the study. Finally,
it is worth mentioning that the interpretation of our results
is based on the hypothesis that LC contrast depends largely
on neuromelanin content within the LC itself, in line with
what claimed also by others (e.g. Clewett et al., 2016; Betts
etal., 2017, 2019a, b; Liu et al., 2019, 2020). However, some
authors have hypothesized that different mechanisms might
contribute to LC contrast as well, including the magnetization
transfer effect (Keren et al., 2015; Priovoulos et al., 2018).
This should also be kept into account in the interpretation of
the present data.

Conclusions

In conclusion, this study did not show any significant age-
related differences in MRI-estimated number of LC Voxels and
LC-CR in subjects aged 60—80 years who maintained normal
cognition over a one-year follow-up, These findings would
suggest that subjects with these characteristics could be used
as reference control group for future studies on LC-MRI in
patients with neurodegenerative disorders.
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