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ARTICLE INFO ABSTRACT

The locus coeruleus (LC), the major origin of noradrenergic modulation of the central nervous system, innervates
extensive areas throughout the brain and is implicated in a variety of autonomic and cognitive functions.
Alterations in the LC-noradrenergic system have been associated with healthy ageing and neuropsychiatric
disorders including Parkinson’s disease, Alzheimer’s disease and depression. The last decade has seen advances
in imaging the structure and function of the LC, and this paper systematically reviews the methodology and
outcomes of sixty-nine structural and functional MRI studies of the LC in humans. Structural MRI studies con-
sistently showed lower LC signal intensity and volume in clinical groups compared to healthy controls. Within
functional studies, the LC was activated by a variety of tasks/stimuli and had functional connectivity to a range
of brain regions. However, reported functional LC location coordinates were widely distributed compared to
previously published neuroanatomical locations. Methodological and demographic factors potentially con-
tributing to these differences are discussed, together with recommendations to optimize the reliability and va-
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lidity of future LC imaging studies.

1. Introduction

The locus coeruleus (LC) is a cylindrical, hyperpigmented nucleus
located in the rostral pontine brainstem. It is the major origin of nor-
adrenergic neurones in the central nervous system. In histological
specimens, the average dimensions of the human LC have been mea-
sured as 14.5mm in length and 2.5 mm in thickness (2 mm in the
central portion) (Fernandes et al., 2012). Its cylindrical shape is thinner
in its central part and diverges laterally in its caudal three-fourths (see
Fig. 1).

The LC plays an integral role in the regulation of arousal and au-
tonomic function through connections with widespread areas of the
brain and spinal cord (Samuels and Szabadi, 2008a), modulating wa-
kefulness, pupil control, blood pressure and temperature. It also plays a
role in anxiogenesis and responses to fear and pain via connections with
the amygdala (Samuels and Szabadi, 2008b), and has been implicated
in cognitive processes including attention, decision-making and
memory through connections with frontal cortex and the hippocampus
(Sara, 2009). In humans, LC neuron numbers are believed to gradually
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decline with increasing age (Mann, 1983) although some reports
challenge this view and suggest that LC neuronal death in cognitively
normal older adults might indicate a presymptomatic stage of de-
mentia-related physiological decline (Mather and Harley, 2016). Neu-
romelanin, a dark polymer pigment accumulates inside the nora-
drenergic neurons of the LC until the age of about 60 years, after which
it declines, possibly in association with preferential loss of neurons
containing the highest neuromelanin content (Mann and Yates, 1974).

The LC has been the subject of increasing interest within neurology
and psychiatry following demonstration of early pathological change in
neurodegenerative conditions such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD), conditions that have traditionally been more
associated with dysfunction in the dopaminergic and cholinergic sys-
tems respectively (Zarow et al., 2003). Early tau pathology in the LC
may even precede the hallmark appearance of tau and amyloid pa-
thology in the medial temporal lobe and in cortical regions in AD
(Braak et al., 2011) and has been shown to be associated with LC vo-
lume loss as the disease progresses (Theofilas et al., 2017). LC neuro-
fibrillary tangles and abnormal tau show an age-MCI-AD continuum,
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Fig. 1. Reconstruction of a human pair of locus coeruleus, shown in the coronal plane.
Reprinted with permission from ‘The human locus coeruleus 3-D stereotactic anatomy’ by
Fernandes et al. (2012), Surg Radiol Anat 34, 879-885. ©Springer-Verlag 2012.

with levels of cytopathology being associated with cognitive impair-
ment (Grudzien et al., 2007). Studies have also implicated LC and
noradrenergic system alterations in the pathophysiology of other dis-
orders including depression (Arango et al., 1996; Bernard et al., 2011;
Ressler and Nemeroff, 1999), schizophrenia (Lohr and Jeste, 1988;
Yamamoto and Hornykiewicz, 2004), addiction (Berridge and
Waterhouse, 2003) and autism (Mehler and Purpura, 2009).

The human LC can be visualized using T1-weighted MRI (Sasaki
et al., 2008b) (see also Fig. 2). Neuromelanin scavenges metals such as
iron and copper (Sasaki et al., 2008a), which confers T1-shortening
effects resulting in signal hyperintensity on T1-weighted images
(Enochs et al., 1997; Trujillo et al., 2017). As neuromelanin is found
inside the noradrenergic neurones of the LC and in the dopaminergic
neurons of the substantia nigra in humans, these structures can be
readily visualized using T1-weighted as well as magnetization transfer
(MT) weighted MRI (Nakane et al., 2008; Sasaki et al., 2006).

In addition to neuromelanin-content enhancing T1- or MT-weighted
approaches, often referred to as ‘neuromelanin-sensitive’ imaging,
functional MRI techniques have also been used to investigate LC ac-
tivity and connectivity in healthy and clinical human populations.
However, no previous review has summarized the characteristics and
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findings of structural and functional MRI studies of the LC, and no
consensus on recommendations to achieve optimal methodological
validity and reliability has been published. Optimal in-vivo imaging of
the LC is needed to evaluate its potential as a biomarker in neu-
ropsychiatric conditions such as dementia and to assess the efficacy of
future treatments targeting the LC-noradrenergic system.

This paper systematically reviews the studies that have published
data on the LC using functional or structural MRI techniques. For
neuromelanin-optimized structural MRI studies, the review includes the
range of scanning parameters used and methods employed to localize
and measure the LC, and compares measures of signal intensity ob-
tained in healthy and clinical populations. For functional imaging stu-
dies, the review describes the methods used to localize the LC and
compares the distribution of location coordinates attributed to the LC
with published neuropathological location data. The tasks and condi-
tions associated with LC activation are also reported. Finally, a critical
summary of the methodological factors that may limit validity are
discussed, together with recommendations to optimize the reliability
and validity of future LC imaging studies.

2. Method
2.1. Literature search

Online literature databases (PubMed, PsycINFO, Embase and Web
of Science) were searched up to (12th April 2017) using the search
terms (“locus coeruleus” OR “locus caeruleus” OR “locus ceruleus”)
AND magnetic resonance imaging.

2.2. Inclusion/exclusion criteria and screening

Studies were included if they were peer-reviewed papers that re-
ported novel findings on the LC in human subjects of any age, with any
or no health condition. Also papers that used terms such as locus
coeruleus complex (LCC), nucleus coeruleus or reported on ‘a brainstem
region tentatively identified as LC’ were included for the purposes of
the review. Functional MRI studies were included if they reported
spatial coordinates (%, y, z) for the LC.

Studies were excluded if they investigated a brainstem region but
did not report data specific to the LC, or failed to describe their methods
in any detail. Case reports, poster abstracts and dissertations were also
excluded.

2.3. Data extraction

Two authors (KL and DH) independently screened papers for in-
clusion based on their titles and abstracts. Two authors (KL and FM)
subsequently extracted data on study characteristics, MRI protocol and
outcome measures using a structured form. Where studies only reported
the acquired pixel size and slice thickness, these were converted to
voxel size. Discrepancies were resolved through discussion among the

Fig. 2. Visualization of human LC as a hyper-
intense signal in the rostral brainstem using T1-
weighted MRI optimized to enhance neurome-
lanin content, seen in axial (B) and coronal (C)
planes acquired as shown in (A). Reprinted with
permission from Hammerer et al. (2017) (under
review).
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2.4. Statistical analysis

2.4.1. Structural imaging studies

To measure and compare LC integrity between different clinical
groups, neuromelanin-optimized imaging studies have commonly re-
ported the LC contrast ratio (CR, see equation below). Conditions such
as AD and PD are hypothesized to be associated with impaired LC in-
tegrity, i.e. lower CR values relative to those in healthy controls. To
compare the CR obtained for different clinical groups, the weighted
means and confidence intervals for each group were calculated and
plotted. The weight applied to each value was determined by the
number of subjects in each group. Only studies that reported numerical
data for the mean or median CR using the following formula were in-
cluded for the analysis:

_ (SLC - Sref )
Sref

CR
@

where S, represents the signal intensity of the LC and S,, the signal
intensity of a reference region. This was the most commonly used for-
mula to calculate CR. Studies that used a different formula to measure
the signal from the LC were excluded from the analysis. The CR values
from Mather et al. (2017) were also excluded as they originated from
and were already reported in Clewett et al. (2016). The mean and not
the median CR was used from Ehrminger et al. (2016), and the average
CR was calculated from the middle, rostral and caudal CR values for
each participant group from Shibata et al. (2007).

2.4.2. Functional imaging studies

To compare the distribution of coordinates of activation attributed
to the LC in functional MRI studies, we used a bootstrap analysis
method described in a previous systematic review (Costafreda et al.,
2006) to construct confidence intervals for the weighted mean Montreal
Neurological Institute (MNI) location coordinates along each of the
spatial axes (x, y, z). The weight applied to each individual peak acti-
vation was proportional to the number of subjects in the experiment.
Due to the anatomical shape of the LC, which is described as diverging
caudally from the midline in its lower three fourths (Fernandes et al.,
2012), the studies were divided into four bins along the range of re-
ported z-coordinates before calculating the bootstrap confidence in-
tervals and weighted means of the location coordinates for each bin. To
assess the validity of these findings, they were compared to location
coordinates previously published by Keren et al. (2009), as this was the
only study from the literature search that had published a histologically
validated location map of the LC in MNI coordinates. If a study reported
more than one LC location using the same method these were all in-
cluded in the analysis, however only the unsmoothed data from Murphy
et al. (2014) and the coordinates obtained using the specialized tem-
plate (SUIT) from Kohler et al. (2016) were included. Functional studies
that reported only Talairach coordinates were included after trans-
forming their location data into MNI space (Lacadie et al., 2008).

3. Results
3.1. Identification and characteristics of included studies

Literature searches identified 838 potential studies, 69 of which met
inclusion criteria for data extraction (Fig. 3, PRISMA flow diagram).
Thirty-seven of these employed a cross-sectional design with no com-
parison group, n = 28 were case-control studies, and four studies were
randomized controlled trials.

The majority of studies (n = 42) involved healthy, non-clinical
participants, n = 23 studies were in a defined neuropsychiatric popu-
lation (e.g. MCI/dementia, depression, schizophrenia, post-traumatic
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stress disorder, generalized anxiety disorder) and three were in other
clinical disorders (e.g. migraine, chronic regional pain syndrome, irri-
table bowel syndrome). In structural MRI studies, the condition most
frequently investigated was PD. In functional studies, the cognitive
functions most frequently investigated were cognitive control/decision-
making and attention. Most studies (n = 43) tested younger adults
between 18 and 65 years old (mean age: 29 y.o.), n = 23 studies looked
at both younger and older adults (mean age: 58 y.o.), and two studies
tested children (mean age: 13 y.o.). The number of years of education
was included in 4% of all studies, handedness was reported in 29% of
all studies and 51% of all study participants were female.

3.2. Structural MRI assessment of the LC

Table 1 summarizes the characteristics of 28 studies that reported
data on the LC using structural MRI. Within these studies, most
(n = 25) used neuromelanin-optimized T1-weighted MRI, three used
standard T1-weighted anatomical scans obtained to aid localization of
positron emission tomography (PET), and an additional MRI study also
employed diffusion tensor imaging (DTI). Anatomical scans that were
acquired as part of fMRI studies to aid co-registration were not included
here as they did not provide data specific to the LC.

Most neuromelanin-sensitive approaches developed to date to
image the LC differ in MRI acquisition parameters and in their meth-
odology to localize the structure and measure signal properties. The
overall differences in LC signal intensity between and within clinical
populations investigated in these studies are also summarized below
(Table 1).

3.2.1. MRI scanning parameters and co-registration techniques

Table 2 shows the imaging parameters that were reported on the 25
studies that sensitized MRI to neuromelanin content in the LC. The
majority (21 studies) used a T1-weighted rapid acquisition with re-
focused echoes (RARE) pulse sequence, also known as turbo/fast spin
echo (TSE/FSE). Three studies, in contrast, prescribed T1 weighting
with inversion recovery (IR) approaches — multi-inversion RARE (Keren
et al., 2015) and spectral presaturation inversion recovery (SPIR)
(Schwarz, 2012; Schwarz et al., 2016). In addition, two studies em-
ployed 2D gradient echo (GRE) sequences with an off-resonance MT
pre-saturation pulse (Chen et al., 2014; Langley et al., 2016), and one
study used 3D-spoiled, steady-state GRE (GRASS) with MT preparation
(Watanabe et al., 2014). Almost all studies were carried out in vivo
using scanners with a magnetic field strength of either 1.5 Tesla (T) or
3 T. Two ex vivo studies scanned brainstem specimens (Keren et al.,
2015, 2009) of which one prescribed an IR approach using 7 T MRI.
Notably, however, many studies did not report all the relevant MRI
parameters, thus Table 2 is somewhat incomplete.

A common feature in the selected studies is the prescription of
higher in-plane resolution than slice thickness, resulting in elongated
voxels that match the cylindrical shape of the LC. The reported slice
thickness ranged between 2 and 3 mm, the largest interslice gap re-
ported was 3.5 mm (Clewett et al., 2016; Mather et al., 2017). In-plane
resolution varied, and voxel size ranged from 0.31 X 0.36 x 2.5 mm®
(Sasaki et al., 2006) to 0.5 x 0.5 x 3mm? (Isaias et al., 2016) (see
Table 2). The scan duration for in vivo studies ranged from 1:53 min to
obtain one signal average (Clewett et al., 2016; Mather et al., 2017) to
17:12 min for 7 averages (Langley et al., 2016). Finally, it is noteworthy
that the most common plane of acquisition (used by 11 studies) was
oblique-axial perpendicular to the floor of the fourth ventricle.

Eight studies described co-registering MR images to each other or to
an anatomical template. The templates used varied and included the
International Consortium for Brain Mapping (ICBM) and MNI152
(Ehrminger et al., 2016; Langley et al., 2016), study-wise T1-anatomical
images (Castellanos et al., 2015; Garcia-Lorenzo et al., 2013) or the
Colin27 template (Castellanos et al., 2015). Images of histologic spe-
cimens were also co-registered (Keren et al., 2015) or correlated (Sasaki
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Fig. 3. PRISMA flow diagram.
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et al., 2006) with MRI images to validate the source or location of the
neuromelanin signal.

3.2.2. Localization of the LC, measurement of signal intensity and LC
volume

In most studies, the LC was identified, or segmented manually, and
signal intensity was measured within a predefined brainstem area.
Three studies employed semi-automated segmentation methods to cal-
culate CR and/or LC volume (Chen et al., 2014; Langley et al., 2016;
Sasaki et al., 2010) and one used a fully automated segmentation
method to calculate LC volume (Castellanos et al., 2015).

The size of the LC mask varied. Most studies detected the peak in-
tensity within either a 1-2 mm? circular region or a single voxel, and
two studies calculated signal intensity from the average of the 10
brightest interconnected voxels (Ehrminger et al., 2016; Garcia-Lorenzo
et al., 2013). In addition, one study compared the signal intensities of
the middle, rostral and caudal portions of the LC (Shibata et al., 2007).
Notably, however, only 12 (out of 22) studies reported that measure-
ments were carried out blinded to participant status.

All studies, apart from two (Keren et al., 2015, 2009), normalized
LC signal intensity to that of a neighbouring reference region — the
pons/pontine tegmentum (16 studies), rostral pontomesencephalic area
(two studies) and cerebral peduncle (one study). Such studies reported
on the contrast ratio (CR), i.e. the outcome measure assessed in the
present study, with the great majority using CR as in Eq. (1); however,
some differed in the terminology used. The same formulation, for ex-
ample, was also referred to as magnetisation transfer contrast (MTC)
(Langley et al., 2016) or contrast-to-noise ratio (CNR) (Clewett et al.,
2016). Additionally, one study calculated CR as SIjc/Sl.s (Schwarz,
2012), and two studies calculated CNR as follows: CNR =
(SILc — Slief)/SDyer, where SI represents mean signal intensity and SD, ¢

Full-text articles excluded,
with reasons
(n=185)

91 did not provide LC data or
(x,y.z) coordinates, orthe
methodology was
inadequate

56 were not peer-reviewed
(posters, dissertations) or
were case reports

29 were not a primary
research study (e.g. review
article)
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is the standard deviation of the signal in the reference region (Chen
et al., 2014; Isaias et al., 2016).

Twelve studies reported the mean CR or CNR, and one presented the
data only graphically. Five studies reported the median CR or CNR, and
two presented this only graphically.

Only four studies reported on LC volume, which were 8.2 mm?® and
11.7 mm?® in Parkinson’s disease, and 15.2mm?® and 16.7 mm?® in
healthy controls (Castellanos et al., 2015; Schwarz et al., 2016), re-
spectively; and what appears to be between 1.8-8.8 mm?® (Chen et al.,
2014) and 10-30 mm® (Langley et al., 2016) on a graphical plot in
healthy adults. Based on the mean width (2-2.5mm) and length
(14.5 mm) of the LC from post-mortem data (Fernandes et al., 2012),
one would expect the actual LC volume to be around 50 mm? in healthy
adults. One study reported the area of the LC to be between 10.8 mm?>
in schizophrenia and 11.4 mm? in healthy controls (Watanabe et al.,
2014).

3.2.3. Main findings in healthy and clinical populations

Fig. 4 shows the distribution, weighted means and 95% confidence
intervals of mean and median CR values for clinical participant groups
in studies that used Eq. (1). Only one study reported numerical CR data
in patients with AD (Takahashi et al., 2015), thus a weighted mean and
confidence interval could not be constructed for this group. On average,
compared to healthy controls, CR was lower in all patient groups (MD,
SZ, PD, AD and MCI), but more studies are needed to confirm this ob-
servation with a targeted investigation of specific clinical groups. The
age ranges of each group were: 18-80 years (HC), 22-83 years (MD),
17-69 years (SZ), 41-85 years (PD), 59-86 years (AD), and 60-87 years
(MCID). The HC and PD groups had the highest number of studies so
were the only groups to be statistically compared. The difference in CR
between the HC and PD groups was significant (p < 0.05) after
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analysis using a nonparametric test (Mann-Whitney U test z = —2.56,
p = 0.009). However, due to the limited sample size, this result should
be viewed cautiously. Overall differences between the other groups
were not calculated due to their very small sample sizes.

3.2.3.1. Findings in healthy adults. In healthy participants, one study
found that the CR increased with age until 40-59 years and then
decreased, with no significant difference between men and women
(Shibata et al., 2006). In contrast, (Clewett et al., 2016) found that the
LC in older adults (mean age 67) had greater CR than that in younger
adults (mean age 24), and this was positively associated with measures
of cognitive reserve in older adults. Both studies accorded their findings
with evidence that LC neuromelanin accrues in an inverted U pattern
across the lifespan with peak concentrations occurring at around 60
years (Mann and Yates, 1974; Manaye et al., 1995). It is conceivable,
however, that an LC-CR increase in older adults could partly be
explained by their concurrent finding of an age-related decrease in
the signal intensity of the reference region (pontine tegmentum). The
authors also reported a lower CR in women than in men, which is
interesting given some evidence of increased risk of AD in females
compared to males (Altmann et al., 2014; Andersen et al., 1999).

3.2.3.2. Findings in Parkinson’s disease. Ten studies investigated
patients with PD or parkinsonism compared to a healthy control (HC)
group. Apart from one study which found no significant difference in
the LC between PD and HC, most LC studies reported reduced CR (or
CNR) in PD compared to HC (Isaias et al., 2016; Matsuura et al., 2013;
Miyoshi et al., 2013; Mukai et al., 2013; Ohtsuka et al., 2014; Sasaki
et al., 2006) and reduced LC volume in PD compared to HC (Castellanos
et al.,, 2015). Using the CR, LC-optimized T1-weighted MRI did not
distinguish between early and advanced PD (Ohtsuka et al., 2013),
though interestingly, the same study found differences between PD and
other parkinsonian syndromes such as multiple system atrophy (MSA)
(Matsuura et al., 2013; Ohtsuka et al., 2014), and reduced LC signal
intensity in PD with REM-sleep behavior disorder (RBD) compared to
PD without RBD (Garcia-Lorenzo et al., 2013). Furthermore, a study
that did not include participants with PD also reported reduced CR in
RBD compared to HC (Ehrminger et al., 2016).

3.2.3.3. Findings in Alzheimer’s disease (AD) and Mild Cognitive
Impairment (MCI). Two in vivo studies investigated patients with AD
and MCI and compared them to HC with different findings. (Takahashi
et al., 2015) found reduced LC-CR in AD and MCI compared to HC but
no difference between the AD and MCI groups. In contrast, (Miyoshi
et al., 2013) did not find a significant difference in CR between AD and
HC groups.

3.2.3.4. Findings in major depression and schizophrenia. Four studies
investigated patients with diagnoses of Major Depression (MD) and/
or Schizophrenia (SZ) compared to HC. SZ studies did not find
significant CR alterations relative to controls (Sasaki et al., 2010;
Shibata et al., 2008; Watanabe et al., 2014); though notably, CR
differences were identified between the substantia nigra and LC
(Sasaki et al., 2010; Shibata et al., 2008). Two studies reported
significantly reduced CR in MD compared to both HC and SZ (Sasaki
et al., 2010; Shibata et al., 2008), and one found reduced CR of the
rostral and middle LC in MD patients compared to HC, but this did not
correlate with scores on psychiatric rating scales (Shibata et al., 2007).

Taken together, studies to date suggest that some patient popula-
tions might have lower CR values in the LC than healthy adults, how-
ever, more studies are needed to strengthen this observation.
Differences in CR did not correlate with symptom severity scores in MD
and SZ, but it successfully distinguished between PD and other par-
kinsonian syndromes, and between PD with and without RBD. There is
some evidence for age-related changes in CR in healthy adults and
possible differences between males and females, however there is no
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consensus on the precise nature of these differences. Despite data
showing healthy subjects with lower LC volumes than expected based
on neuroanatomical data, there was a difference in volume between this
group and PD patients.

3.3. Functional MRI

Table 3 summarizes the characteristics of 41 studies that reported
functional MRI (fMRI) data from the LC. Within these studies, 25 re-
ported event-related BOLD data from the LC and 13 reported on func-
tional connectivity between other brain regions and the LC. Three
studies reported both BOLD and functional connectivity data. Nine
functional connectivity studies involved resting state data.

3.3.1. Coregistration and other preprocessing methods

Due to the small size of the LC, precise coregistration between
functional and structural MRI images is required. This is because the LC
can only be visualized in structural images and via coregistration needs
to be accurately identified in the functional images. The majority of
fMRI studies described performing a coregistration procedure, and only
6 studies did not. Two studies obtained structural T1-TSE neurome-
lanin-optimized MRI images for coregistration with BOLD images for
precise anatomical localisation (Krebs et al., 2017; Murphy et al.,
2014). The imaging data was spatially normalized into Montreal Neu-
rological Institute (MNI) space in most studies but 3 papers transformed
their MRI data into Talairach space (Anticevic et al., 2014; Kraus et al.,
2013; Lerner et al,, 2009). To improve normalization within the
brainstem, two studies normalized neuroimaging data to the spatially
unbiased infratentorial template (SUIT), a high-resolution atlas tem-
plate of the human cerebellum and brainstem based on the anatomy of
20 healthy individuals (Bar et al., 2016; Kohler et al.,2016). This
method produced different MNI location coordinates for the LC when
compared to the normalization process on the same data using the
standard ICBM atlas template (Kohler et al.,, 2016). No study was
judged to have adequately reported how the precision of the coregis-
tration method was assessed.

The acquired voxel size reported ranged from 1.2 x 1.2 x 1.2 mm?
(Sclocco et al., 2016) to 3.75 X 3.75 x 4 mm® (Xuan et al., 2016) (see
Table 3). Where reported, functional images were resampled to
2 x 2 x 2mm?® voxels (7 studies), 1 x 1 x 1 mm? voxels (2 studies) or
3 x 3 x 3mm?® voxels (1 study). The majority of studies (30) subse-
quently spatially smoothed the images using a Gaussian kernel of a size
that varied between 2mm and 8 mm full width half maximum
(FWHM). Only seven studies described correcting data for both cardiac
and respiratory noise signals.

3.3.2. Localization of the LC

Functional MRI studies that used a region-of-interest (ROI) analysis
to measure the LC identified the LC ROI using different methods.
Previously published coordinates of the LC were often used to identify
the ROI, most commonly derived from Keren et al. (2009) which used
ex-vivo neuromelanin-optimized T1-weighted imaging (Hubbard et al.,
2011; Kahnt and Tobler, 2013; Laureiro-Martinez et al., 2015; Murphy
et al., 2014; Payzan-LeNestour et al., 2013; Schulte et al., 2016), but
also from a structural MRI study by Astafiev et al. (2010) (Henckens
et al., 2012; Laureiro-Martinez et al., 2015; Morey et al., 2015). Some
studies referenced coordinates obtained from previously published
functional MRI studies: three studies used data from Liddell et al.
(2005), two used coordinates from Sterpenich et al. (2006) (which itself
references Liddell et al., 2005), and one study used data from Schmidt
et al. (2009) (which itself references Liddell et al., 2005; Sterpenich
et al., 2006). Eight fMRI studies used an exploratory whole-brain ana-
lysis approach and defined the LC ROI according to the location of
activity contrast between participant conditions.

Where methodology was reported, a LC mask was generated from
the average structural scans of the group (Brooks et al., 2017) or was
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Fig. 4. Mean and median CR values reported by structural
MRI studies for each participant group. The weighted mean
(middle horizontal line) and 95% confidence intervals (top
and bottom horizontal lines) are shown. No weighted mean
or confidence interval was constructed for the AD group as
only one CR study could be included. Blue points represent
median CR and red points represent mean CR. HC = healthy
controls, MD = major depression, SZ = schizophrenia,
PD = Parkinson  disease, AD = Alzheimer’s disease,
MCI = Mild Cognitive Impairment. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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obtained using a different template (e.g. ICBM 152) (Kohler et al., 2016;
Sclocco et al., 2016; Xuan et al., 2016) to aid localization of the LC on
individual functional scans. One study reported using a subject’s ana-
tomical brainstem dataset as a reference brainstem, and manually
transformed other participants’ functional activations onto this (Kraus
et al., 2013).

Five functional connectivity studies used the LC as their seed region.
Location coordinates for the seed region were obtained from different
sources, including a previous study by Keren et al. (2009) (Kline et al.,
2016; Zhang et al., 2016), a previous study published by the same
author (Steuwe et al., 2015), and an anatomical atlas of the human
brainstem (Duvornoy’s Atlas of the Human Brainstem and Cerebellum
by Naidich et al., 2009; Bér et al., 2016).

3.3.3. Independent variables investigated

The majority of fMRI studies of the LC investigated executive
functions, including attention (Mohanty et al., 2008; Murphy et al.,
2014; Neufang et al., 2015; Raizada and Poldrack, 2007; Xuan et al.,
2016), cognitive or inhibitory control (Kohler et al., 2016; Minzenberg
et al., 2008; Schilbach et al., 2011; von der Gablentz et al., 2015) and
decision-making (Kahnt and Tobler, 2013; Laureiro-Martinez et al.,
2015; Payzan-LeNestour et al., 2013). Other studies assessed the impact
of novelty (Krebs et al., 2017, 2013, 2011), emotion (Lerner et al.,
2009; Sterpenich et al., 2006), stress/anger (Gilam et al., 2017;
Henckens et al., 2012; van Marle et al., 2010), pain (Brooks et al., 2017;
Erpelding et al., 2014; Hubbard et al., 2011; Schulte et al., 2016;
Sclocco et al., 2016) and fear/threat (Liddell et al., 2005; Morey et al.,
2015; Steuwe et al., 2015, 2014). Studies also investigated the effect of
specific interventions on the LC such as vagal nerve stimulation (VNS)
(Kraus et al., 2013), light exposure (Vandewalle et al., 2007) and psy-
chotropic medications (Kline et al., 2016; Metzger et al., 2015;
Minzenberg et al., 2008). The LC was assessed in healthy participants or
in subjects with conditions including nausea (Napadow et al., 2013),
cataplexy (Meletti et al., 2015), migraine (Moulton et al., 2014), gen-
eralized anxiety disorder (Meeten et al., 2016) and schizophrenia
(Anticevic et al., 2014).

A recent review (Sara and Bouret, 2012) proposed that a salient or
behavioral significant stimulus (the salient context) activates LC neu-
rons in parallel with autonomic reflex responses, which is in turn
modulated by descending inputs from the prefrontal cortex and
amygdala (the cognitive context). The relationship between the ‘top-
down’ influence of cortical structures, which plays a role in attentional
shifting and behavioral flexibility, and the ‘bottom-up’ reflexive auto-
nomic response to stimuli is likely to be complex and dynamic. Bearing
this in mind, the physiological stimuli and cognitive tasks that gener-
ated BOLD activity changes in the LC were divided into two categories
to reflect whether the tasks were more likely to demand the recruitment

MCI

of ‘top-down’ cognitive processes (for example, if they required atten-
tional set shifting or working memory), or ‘bottom-up’ mechanisms (i.e.
autonomic reflex responses driven by the properties inherent in a sti-
mulus, such as pain). Of the 22 fMRI studies that investigated event-
related BOLD activity of the LC, 15 were judged to have used tasks or
stimuli that mainly recruited a ‘top-down’ cognitive process and 13
mainly drove a ‘bottom-up’ process.

3.3.4. Main findings

The LC was implicated in a wide range of conditions and cognitive
functions as described above (see Table 3). The various ‘top-down’ tasks
employed in the BOLD fMRI studies were all judged to involve
switching attention in response to stimulus change, consistent with the
hypothesized role of the noradrenergic system in shifting between fo-
cused and flexible attention (Berridge and Spencer, 2016). All of the
‘top-down’ tasks increased LC BOLD activity, except one study which
reported LC deactivation for such events (Payzan-LeNestour et al.,
2013). The LC was also consistently activated by a range of ‘bottom-up’
stimuli, all judged to be arousing conditions such as fear/threat, pain,
hunger, anger, vagal nerve stimulation, nausea and reward. This is also
consistent with the hypothesis that LC neuron firing rates increase
during states of high arousal or stress to modulate attention in response
to a changing environment (Chandler, 2016; Valentino and Van
Bockstaele, 2008). Overall, these findings converge with evidence that
the LC is activated by situations that elicit a behavioral orienting re-
sponse (when ongoing activity is interrupted to face the orienting sti-
mulus (Sara and Bouret, 2012)).

There was strong evidence that the LC was functionally connected
to the amygdala, as this was reported both in studies where an amyg-
dala or LC seed region was used to investigate whole-brain functional
connectivity, and in studies where an amygdala seed region was used to
investigate a defined LC region-of-interest (Anticevic et al., 2014;
Henckens et al., 2012; Lerner et al., 2009; Meeten et al., 2016; Metzger
et al., 2015; van Marle et al., 2010). This is consistent with the known
reciprocal connection and interaction between the LC and amygdala for
the upregulation of arousal in response to salient or stressful events
(Valentino and Van Bockstaele, 2008; Van Bockstaele et al., 1998).
Other brain regions functionally connected to the LC included pre-
frontal cortex (PFC) (Kohler et al.,, 2016; Minzenberg et al., 2008),
hypothalamus (Moulton et al., 2014), cerebellum (Kline et al., 2016;
Zhang et al., 2016) hippocampus (Kline et al., 2016; Steuwe et al.,
2015), and habenula (Erpelding et al., 2014). Studies have shown that
the LC is an important modulator of the PFC, influencing working
memory and attention (Berridge and Spencer, 2016; Chandler, 2016). It
also provides the sole source of noradrenaline to the hippocampus
(Berridge and Waterhouse, 2003), facilitating long-term potentiation
and memory encoding (Hu et al., 2007; Klukowski and Harley, 1994).
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As can be seen in Fig. 5a and b, fMRI studies have reported a range
of right and left LC spatial coordinates which contain, but also go
substantially beyond, the anatomical boundaries of the LC, as derived
from the Keren et al. (2009) coordinates and the known dimensions of
the LC based on post-mortem studies (14.5 mm in length and 2.5 mm in
thickness) (Fernandes et al., 2012), shown as solid black points in
Fig. 5a and b. For instance, some of the 95% confidence intervals in the
coronal and sagittal planes extend over 10mm, which is several times
larger than the anatomical width of the LC. The functional studies that
used LC ROI coordinates from Keren et al. (2009) (shown as pink points
in Fig. 5a and b), are more close to the original coordinates compared to
studies that did not reference Keren et al. (2009). The upper and lower
limits of image acquisition for the Keren et al. (2009) coordinates were
the inferior aspect of the red nucleus (MNI z = —18) and the origin of
the superior cerebellar peduncle (MNI z = —33), therefore more ros-
tral and caudal sections were not included.

4. Discussion

A variety of structural and functional MRI imaging methods have
localized and measured the LC. Here we summarize the key insights
from the review, and discuss the degree to which some of the differ-
ences in methodological approaches may have limited the sensitivity of
the measurement, or the ability to compare/aggregate results across
studies. Finally, we conclude with a number of recommendations to
optimize the reliability and validity of future LC imaging studies.

4.1. Key insights and methodological issues

4.1.1. Structural imaging studies

Despite considerable variation in CR among healthy adults, the
small number of studies performed in clinical populations (including
Parkinson’s disease, Alzheimer’s disease, MCI, depression and schizo-
phrenia) consistently report a CR reduction in the LC compared to that
in healthy controls.

Most studies measured the peak intensity of the LC signal and not an
average intensity across the whole volume of the LC. Peak signal in-
tensity was shown to correspond to the position and concentration of LC
neurons (Keren et al., 2009) and MRI contrast corresponds to the
neuromelanin content of these cells (Keren et al., 2015). Given that cell
loss may not affect the whole LC equally and disease-specific patterns of
cell loss have been reported (German et al.,, 1992), it is uncertain
whether peak intensity is a reliable estimate for overall LC integrity.
Most structural studies prescribed elongated voxels to better capture
the known geometry of the LC, hence ensuring minimal partial volume
contamination. The largest reported voxel size in LC-optimized MRI
studies was 0.5 X 0.5 x 3 mm?, which should still provide an adequate
resolution to capture neuromelanin content in a structure 2-2.5 mm
thick and approximately 14.5 mm long. One shortcoming of anisotropic
voxels is that they may cause strong partial volume effects at the rostral
and caudal ends of the LC, as the structure is not perfectly cylindrical
and tilted in three dimensions.

Few studies attempted to measure LC volume. Although this could
provide an interesting, additional measure of LC integrity that might be
useful to study clinical populations where there may be a dissociation
between LC volume and signal intensity changes due to accelerated cell
death (German et al.,, 1992), the long-voxel approximation is con-
ceivably less suitable for volume measurements. Partial volume effects
could be one reason why the reported volume measurements are almost
half the expected value from post-mortem data. The impact of pre-
scribing thinner slices to minimize such errors is yet unclear as all LC-
optimized MRI studies that were reviewed reported using slice thick-
ness between 2 and 3 mm.

The differences between the imaging protocols employed may have
also led to inconsistencies, but few direct comparisons have been made.
Most studies to date used T1-weighted sequences without
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magnetization preparation, whereas three studies employed inversion
recovery based approaches, and the remaining three studies used MT-
weighted sequences. It has been suggested that explicit MT preparation
might be preferable to enhance neuromelanin content (Chen et al.,
2014); it is thought multi-slice RARE sensitivity might only be in-
cidental due to off-resonance MT effects induced by the poor spatial
selectivity of refocusing pulses (Nakane et al., 2008). Chen et al. con-
firmed MT weighting returned greater CNR values in the substantia
nigra than T1-TSE scans; however, both acquisitions were found to be
on par for LC measurements. It is worth discussing that off-resonance
MT pulses and RARE acquisitions result in high specific absorption rates
(SAR), often close to the safety limit; this is an important caveat
warning most of the in vivo prescriptions at 1.5/3 T might not be readily
available at ultra-high field (i.e. =7T).

There is currently an open debate as to whether LC measurements
should rely on user intervention or be automated, whether the protocol
should include segmentation of the whole structure, or whether in-
tensity values should be extracted from a single voxel to avoid spurious
contamination. Chen et al. (2014) argued that automated segmentation
methods are less susceptible to error and lead to higher consistency
between scans and studies. Chen also argued that use of the single-voxel
method, where the voxel with the highest intensity either side of the
fourth ventricle is used to localize the LC, is highly susceptible to noise,
and suggested that automated segmentation can overcome this pro-
blem. In contrast, Keren et al. (2009) argued that assessing single voxels
is more reliable than automated or manual segmentation of the LC
signal because it is independent of LC boundary definition or signal
intensity thresholding, and should reflect the greatest density of LC cells
within a section. Keren et al. (2009) explained that the amorphous
structure and unclear boundaries of the LC signal, which varied across
subjects, would make any segmentation extremely difficult. No study
has directly compared manual and automated methods, and it is not
known to what extent multiple, blinded measurements as well as en-
suring acceptable levels of inter-rater and intra-rater reliability can
compensate for error and inconsistency when using any of these
methods.

Normalization of the LC signal intensity to a reference region (most
commonly the pontine tegmentum) was not supported by Keren et al.
(2009, 2015). This was because the pontine tegmentum showed sig-
nificant age-related decline in signal, a finding which was also reported
in a study of healthy adults (Clewett et al., 2016). Keren et al. (2009)
found that older adults were more likely to exhibit a T1 hyperintense
signal in the LC in the most caudal sections of the LC (left MNI
z = —30, right MNI z = —33), whereas younger adults were more
likely to exhibit an LC signal in the most rostral sections (left MNI
z = —18, right MNI z = —21). The precise nature of the apparent age-
related decline in LC signal intensity has not yet been characterized and
the two studies that investigated the effects of ageing provide con-
flicting results. It has also been suggested that drugs such as nicotine
can induce the activation of LC noradrenergic neurons (Tung et al.,
1989), and therefore smoking may enhance the signal intensity and
should be adjusted for (Sasaki et al., 2008a). However, there are no
established methods for doing this and no study published to date has
corrected data for age or smoking.

Few studies reported methods to account for the potential effects of
subject head motion. The duration of scanning in the majority of
structural scans was over 10 min and head motion may have reduced
image quality, especially in those who may have found it more difficult
to lie still in the scanner e.g. patients with PD or AD.

4.1.2. Functional imaging studies

Consistent with animal studies and models of LC function, the LC is
activated by a variety of tasks or stimuli that induce stress or involve
switching attention in response to stimulus change. Functional con-
nectivity studies showed connectivity to a range of brain regions, with
the strongest evidence for the amygdala.
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Within functional MRI studies, the distribution of location co-
ordinates is much greater than expected based on the known anato-
mical shape and location of the LC. Unsurprisingly, variation in LC
location coordinates was lowest in studies that used coordinates pro-
vided by Keren et al. (2009) to define the LC ROI. However, even
among these studies, the reported coordinates involved an area that is
larger than the LC based around the Keren et al. (2009) coordinates.
Other factors such as poor precision of coregistration, differences in
measurement methods, suboptimal resolution, uncorrected physiolo-
gical noise and LC location variability between individuals could also
have contributed to the deviation of reported functional coordinates
from the Keren et al. (2009) coordinates. Due to the histological vali-
dation on which this study was based and the high voxel resolution
involved, it arguably provides a more valid localization method than
using previously published functional MRI coordinates. As the upper
and lower limits of image acquisition in this study were MNI z = —18
and MNI z = —33 respectively, the validity of reported location co-
ordinates situated more rostrally or caudally to these sections cannot be
assessed in the same way. Interestingly, Keren et al. (2009) also showed
that with increasing age, peak LC signal intensity shifts from a rostral to
a caudal direction, however the relationship between peak LC signal
intensity (and greatest concentration of neuromelanin-containing LC
neurons) and strength of LC BOLD activity has not been established.

Functional studies acquired imaging data at lower resolutions than
structural studies. A larger voxel size (the largest reported was
3.75 x 3.75 x 4 mm®) may not accurately reflect the activity of the LC
due to a mismatch between the LC size and the size of the voxel. Some
functional studies reported resampling the data to achieve a voxel size
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between 1-2 mm?®, but resampling to a smaller voxel size will not im-
prove the acquired resolution.

The small size of the LC poses a challenge to researchers when de-
ciding how to process their imaging data. When used appropriately, the
benefits of spatial smoothing include increasing the signal-to-noise ratio
and managing the anatomical and functional variation between sub-
jects. However, by allowing adjacent voxels to contribute to the esti-
mated signal, spatial smoothing can also increase the likelihood that the
small area of LC BOLD activity is contaminated by noise from sur-
rounding neural tissue. The overall impact of spatial smoothing on
study outcomes is uncertain. (Murphy et al., 2014) conducted analyses
on both smoothed and unsmoothed data, and showed that although
unsmoothed data resulted in more spatially constrained regions of ac-
tivation, after smoothing the relationship between pupil diameter and
LC activity still remained significant.

Most functional studies reported a coregistration method, and a
variety of templates and methods were used. However no study was
judged to have adequately assessed the precision of their coregistration.
The precision and method of coregistration in fMRI studies is likely to
influence the LC location coordinates obtained, as demonstrated in one
study (Kohler et al., 2016) which compared using the standard ICBM
template with a specialized brainstem and cerebellum template (SUIT).
One way of assessing the precision of coregistration between the ana-
tomical and functional LC data, as well as between the LC on the in-
dividual scan and the normalized group average, is to compare the
‘goodness of fit’ between a structural group template and the individual
structural images. This manual method allows researchers to check that
the group template correctly identifies LC in all subjects, and is an
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Fig. 5. (a) Peak activations (MNI x,y,z) reported by functional MRI studies for the right LC (b) Peak activations (MNI x,y,z) reported by functional MRI studies for the left LC.

Fig. 5a and b shows the distribution of the peak activations and hence LC location (MNI coordinates) reported in the fMRI studies, plotted on the coronal, sagittal and transverse planes for
the right and left LC respectively. The size of the points are weighted according to sample size. The solid black points represent the ex-vivo location coordinates of the LC obtained using
histological specimens to validate the neuromelanin signal (Keren et al., 2009) and the pink points represent the functional MRI studies that reported using Keren et al. (2009) to obtain
the LC ROI The weighted means (middle vertical lines) and bootstrap 95% confidence intervals (left and right vertical lines) are shown for the four bins divided along the range of
reported z-coordinates, in the coronal and sagittal planes. Each bin contains 9-10 studies (right side) or 8 studies (left side).
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Table 4
Summary of recommendations for future studies.

Neuroscience and Biobehavioral Reviews 83 (2017) 325-355

Structural MRI studies

Functional MRI studies

®Calculate LC-CR using the formula adopted in this review (Eq. (1)) to allow

comparison of findings and greater statistical power in future meta-analyses.

® Investigate LC integrity in clinical groups such as AD patients, and try to measure CR
and LC volume.

® Explore the potential to increase sensitivity and specificity to age-related changes and
neurodegenerative conditions by assessing CR across the rostro-caudal extent of LC,
using thinner MRI slices and comparing imaging data to existing disease biomarkers.

® Normalize LC signal intensity to that of a reference region, and investigate the
importance of correcting results for participant age, smoking status, reference region
(pontine) signal intensity variability and partial volume effects.

® Investigate the factors contributing towards location coordinate distribution
including variation in coregistration methods and differences in LC position
across individuals.

Use the highest possible fMRI resolution. Coregister functional images with
structural LC templates generated from the study sample and report the method
and precision of coregistration in detail. Previously published template maps may
help to assess the accuracy of the LC-ROI obtained.

Perform coregistration with specialized templates and spatial smoothing with
appropriate justification. Correct functional BOLD data for cardiac and respiratory
signals as well as head motion.

Explore task designs and stimuli that trigger LC activation to investigate common
mechanisms underlying LC activation, and study the potential of indirect measures
of LC activity (HRV and pupillometry).

important step to ensure the precise coregistration for small structures
such as the LC.

Finally, signals arising from respiratory motion and cardiac pulsa-
tility may attenuate task-related BOLD response in pontine structures
and this effect is stronger with increasing field strength. However, only
a minority of studies reported correcting imaging data for physiological
noise (i.e. cardiac and respiratory signals).

4.2. Adjunctive methods used to measure the LC

Some studies used adjunctive, non-MRI techniques to measure the
LC which could potentially add validity to the LC localization process.
For example, positron emission tomography (PET) was used to detect
the LC by localizing regions containing the norepinephrine transporter
(Adhikarla et al., 2016). Other PET studies assessed metabolic activity
related to wakefulness, which found that LC regional brain glucose
metabolism was higher in the evenings than the morning (Buysse et al.,
2004), and that this diurnal increase was smaller in depressed patients
(Germain et al., 2007). However, these changes were found in a cluster
of midline and brainstem structures and were not specific to the LC.

Pupillometry has been considered to provide a potential indirect
measure of human LC activity as this covaried with pupil diameter
during performance of an attentional task (Murphy et al., 2014;
Sterpenich et al.,, 2006). Experimental evidence shows increases in
pupil diameter are modulated by physiological manipulations that in-
crease the level of arousal, such as noxious stimuli (Chapman et al.,
1999; Larson and Talke, 2001; Tassorelli et al., 1995), anxiety (Bakes
et al., 1990; Bitsios et al., 2004, 1999), high cognitive load (Steinhauer
et al., 2004; Sterpenich et al., 2006) or extreme ambient temperature
(Leung et al., 1992). Pharmacological studies show that the LC-directed
increase in pupil diameter is likely to be mediated via a contribution
from a2-adrenoceptor inhibition on the parasympathetic oculomotor
complex (Koss, 1986; Morley et al., 1991; Phillips et al., 2000).

Lower heart rate variability (HRV) was also associated with in-
creased LC activity (Sclocco et al., 2016) and increased LC neurome-
lanin contrast (Mather et al., 2017). The LC inhibits parasympathetic
modulation of the heart (Samuels and Szabadi, 2008a) via the vagus
nerve which increases HRV (Laitio et al., 2017). Studies have shown
that HRV may index the output of an integrated regulatory neural
network that responds to threat/stress, which includes the brainstem
nuclei, amygdala and prefrontal cortex (Thayer et al., 2012).

In ex vivo studies, histological analysis of brainstem specimens was
used to validate the location of the LC (Keren et al., 2009; Sasaki et al.,
2006) and to confirm the source of the neuromelanin-signal on MRI
(Keren et al., 2015, 2009). Using ex vivo data to inform or validate in
vivo functional neuroimaging studies relies on the assumption that the
chemically fixed brain specimens respond in a similar way to living
brain tissue under MRI scanning conditions, and that both

coregistration procedures have resulted in usable brain templates that
are directly comparable.

4.3. Directions for future research

A number of observations concerning the most valid methods to
localize and measure the LC using structural or functioning MRI
methods emerge from our review. We have used the available published
evidence to highlight where further original research is required
(summarized in Table 4).

4.3.1. Structural MRI studies

1) A consistent and valid method to calculate CR should be adopted
across structural studies to allow findings to be aggregated and
compared. The most commonly adopted CR calculation formula was
used to compare findings in this review, thus future studies should
ideally report on this metric to enable greater statistical power in
meta-analyses.

2) More studies investigating the integrity of the LC in clinical groups
are needed, especially in patients with AD as currently there is only
one published structural study that has reported CR data in this
group. The CR value has been the most popular outcome measure to
reflect LC integrity; fewer studies have reported LC volume, which
may also provide a useful measure.

3) Sensitivity and specificity to age-related changes and neurodegen-
erative conditions could potentially be increased by assessing CR
across the rostro-caudal extent of the LC. Rosto-caudal resolution
can be improved by using thinner slices than currently used in most
studies. Comparisons of LC imaging data to biomarkers (e.g. CSF
levels of tau and AfR; molecular imaging) may also provide in-
formation on how LC structure is affected in different stages of
preclinical AD.

4) Studies should ideally perform a quantitative measure of LC signal
intensity (i.e. normalize LC signal intensity to that of a reference
region, until a valid non-reference area approach is achieved) to
increase the signal to noise ratio. A recent study could show the
feasibility of a quantitative imaging approach of the LC, providing a
new way to measure the LC without relying on a reference area
(Hammerer et al., 2017, under review). Future studies should also
investigate how results can be corrected for participant age and
smoking status, and assess the importance of assessor blinding, re-
ference region (pontine) signal intensity variability and partial vo-
lume effects.

4.3.2. Functional MRI studies

1) The distribution of location coordinates from functional studies
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show greater rostral and caudal extension than the coordinates from
Keren et al., (2009), however to our knowledge these locations have
not been neuroanatomically validated. Future studies should at-
tempt to shed light on whether this is predominantly due to varia-
tion in coregistration methods or differences in LC position across
individuals.

Due to limitations in the spatial resolution of fMRI, studies should
ideally coregister functional images with structural LC templates
generated from their sample and report the method and precision of
coregistration in detail. Future studies should aim to use the highest
possible fMRI resolution and not rely solely on resampling to a
higher resolution, which will not improve measurement accuracy.
Previously published template maps such as Keren et al. (2009)
(available online http://eckertlab.org/LC/) may be useful to assess
the accuracy of the LC region-of-interest obtained.

Coregistration with specialized templates and spatial smoothing of
functional data should be performed with appropriate justification
and it is useful to also report outcomes from coregistration with
standard templates and unsmoothed data for comparison.
Additionally, functional BOLD data should be corrected for phy-
siological noise (cardiac and respiratory signals) as well as head
motion to reduce acquisition noise.

Future studies should continue to explore task designs and stimuli
that may trigger LC activation, and investigate the common cogni-
tive and physiological mechanisms that underlie LC activation.
Adjunctive methods such as HRV and pupillometry are promising
indirect measures of LC activity and require further study.

2)

3

=

4

—

4.4. Limitations

This review focused on studies that used MRI to detect the LC in
order to be able to compare scan parameters, preprocessing procedures,
as well as resulting signal intensities. We excluded functional studies
that did not report location coordinates for the LC, and non-peer re-
viewed studies including posters and dissertations were also excluded.
These excluded studies may have employed other methods or in-
vestigated other independent variables that were not reviewed, and
inclusion of these results may have altered the results and conclusions
of the review. In addition, some studies of LC structure and function
may not have reported negative findings which would contribute to
publication bias and the potential overestimation in this review of any
group differences.

5. Conclusion

A variety of structural and functional MRI methods have been em-
ployed to localize and measure the LC. This methodological variability
limits the ability to compare or aggregate results across studies.
However, the consistency of findings in certain patient groups using
neuromelanin-sensitive MRI is promising; yet demonstrating the overall
specificity and sensitivity of this method to age-related changes and
neurodegenerative conditions represents a challenge for future studies.
The widespread distribution of LC coordinates reported in functional
MRI studies suggests that some of the effects might not have been
originated in the LC. Only one published study has generated a histo-
logically validated location map of the human LC and future studies
that can replicate and extend these results are needed in order to make
strong conclusions about the validity of LC coordinate data from ex-
isting and future functional MRI studies.
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