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Abstract  

The locus coeruleus (LC), the major origin of noradrenergic modulation of the central 

nervous system, may play an important role in neuropsychiatric disorders including 

Parkinson’s disease and Alzheimer’s disease. The pattern of age-related change of the 

LC across the lifespan is unclear. We obtained normalized, mean LC signal intensity 

values, i.e. contrast ratios (CR), from magnetization transfer (MT)-weighted images to 

investigate the relationship between LC CR and age in cognitively normal healthy adults 

(N = 605, age range 18-88 years). Study participants were part of the Cambridge Centre 

for Ageing and Neuroscience (Cam-CAN); an open-access, population-based dataset. 

We found a quadratic relationship between LC CR and age, the peak occurring around 

60 years, with no differences between males and females. Subregional analyses 

revealed that age-related decline in LC CR was confined to the rostral portion of the LC. 

Older adults showed greater variance in overall LC CR than younger adults, and the 

functional and clinical implications of these observed age-related differences require 

further investigation. Visualization of the LC in this study may inform how future 

scanning parameters can be optimized, and provides insight into how LC integrity 

changes across the lifespan. 

 

Keywords: 

Locus coeruleus; noradrenergic system; magnetic resonance imaging; ageing; neuromelanin 

 

1. Introduction 

The locus coeruleus (LC) is a cylindrical, hyperpigmented nucleus in the rostral pontine 

brainstem, and the major origin of noradrenergic neurons in the central nervous system. 
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It plays an integral role in the regulation of arousal and autonomic function through 

connections with widespread areas of the brain and spinal cord (Samuels and Szabadi, 

2008a), modulating wakefulness, 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 attention, 

decision-making and memory through connections with frontal and parietal cortices and 

the hippocampus (Sara, 2009). 

 

There is increasing interest in the development of in vivo techniques to assess the 

integrity of the LC following demonstration of early pathological change within this 

structure in neurodegenerative conditions such as Parkinson’s disease (PD) (Braak et 

al., 2003) and Alzheimer’s disease (AD) (Braak et al., 2011). In AD, levels of LC 

cytopathology (Grudzien et al., 2007) and cell loss (Kelly et al., 2017) were associated 

with cognitive impairment, and in vivo measures of LC integrity may have the potential 

to serve as a biomarker for presymptomatic stages of AD (Theofilas et al., 2017). Post-

mortem studies of healthy adults have reported a linear age-related decline in LC 

neuron numbers (Manaye et al., 1995) (see Figure 1, B), with some studies reporting 

cell loss mostly localized to the rostral part of the LC (Chan-Palay and Asan, 1989a; 

Manaye et al., 1995). However, several recent post-mortem studies have found no age-

related reduction in LC cell number in healthy adults (Mouton et al., 1994; Ohm et al., 

1997; Theofilas et al., 2017) (see Figure 1, D). One explanation for these inconsistent 

findings could be that observed LC neuronal death in apparently cognitively normal 

older adults might represent the presymptomatic stage of a dementia, given that LC cell 
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loss has been shown to occur early in the course of AD, PD and Down’s syndrome 

(German et al., 1992; Theofilas et al., 2017; Zarow et al., 2003), with disease-specific 

topographical patterns of cell loss (German et al., 1992). Thus the development of a 

valid, in vivo technique to assess LC integrity is needed to investigate the potential role 

of this structure in healthy ageing, preclinical and neurodegenerative disease patient 

groups. 

 

The LC can be visualized in vivo using T1-weighted and magnetization transfer (MT) 

weighted magnetic resonance imaging (MRI) (Nakane et al., 2008; Sasaki et al., 2006). 

These approaches, also known as ‘neuromelanin-sensitive’ imaging, have attracted 

considerable interest as a potential means of quantifying neuronal loss in the LC in vivo. 

LC signal intensity has been shown to be associated with the location, density (Keren et 

al., 2009) and neuromelanin content of LC neurons in older adults (Keren et al., 2015). 

Neuromelanin is a by-product of noradrenaline production, and post-mortem studies 

have found that neuromelanin accumulates inside the noradrenergic neurons of the LC 

with increasing age; however the precise pattern of LC neuromelanin accrual over the 

lifespan remains unclear (see Figure 1: A, B, C). Several studies have reported an 

inverted-U pattern of neuromelanin accrual across the lifespan, so that levels peak at 

around 60 years followed by a decline (D. M. A. Mann P. O. Yates, 1974; Manaye et al., 

1995), which may be related to age-related loss of neuromelanin-containing LC 

neurons. However, a more recent study reported a linear accumulation of LC 

neuromelanin with age, with no evidence of age-related decline (Zucca et al., 2006). 

Furthermore, it is also unclear how neuromelanin might interact with the cell in different 
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contexts; neuromelanin scavenges metals such as iron and copper (Sasaki et al., 2008) 

which confers neuroprotective qualities, but it can also be toxic to ageing neurons and 

contributes to neurodegeneration (Zecca et al., 2008). As the sample sizes of earlier 

post-mortem studies were relatively limited, and the sensitivity of the techniques used to 

detect neuromelanin may have differed, the precise relationship between neuromelanin 

content and neuronal health in the LC is still unclear. However, in vivo imaging studies 

have consistently found lower LC signal intensity in neurodegenerative disease patient 

groups, including AD and PD, compared to healthy controls (Liu et al., 2017), warranting 

further investigation of LC signal intensity as a potential biomarker of LC-noradrenergic 

system integrity.  

 

To the best of our knowledge, only four in vivo imaging studies have reported age-

related changes in LC signal intensity (Betts et al., 2017; Clewett et al., 2016; Dahl et 

al., 2018; Shibata et al., 2006), and one recent in vivo study found no age-related 

differences (Hämmerer et al., 2018). Two studies (Shibata et al., 2006); (Clewett et al., 

2016) reported age-related differences in mean LC signal intensity consistent with the 

inverted-U pattern of neuromelanin accrual across the lifespan (D. M. A. Mann P. O. 

Yates, 1974; Manaye et al., 1995). A third study reported a regional age-related 

increase in maximum (but not median) LC signal intensity ratio that was confined to the 

rostral third of the LC (Betts et al., 2017), which may indicate that age-related 

differences are confined to regions with a high density of LC pigmented cells, and the 

authors also speculated to a potential regional decrease in LC cell size thereby 

increasing cell volumetric mass density with age (German et al., 1988). In contrast, a 
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fourth study (Dahl et al., 2018) found that relative to younger adults, older adults had 

higher peak signal intensity ratios in the caudal LC, with a trend for lower ratios in the 

rostral LC. As well as age-related changes, there may also be differences in LC signal 

intensity between males and females (Clewett et al., 2016), but this finding has not been 

consistently reported (Shibata et al., 2006). The relatively small sample sizes, and 

different acquisition parameters and analyses used in these studies may have 

contributed to the inconsistent findings. Although a range of T1- and MT-weighted 

scanning protocols have been employed to visualize the LC (Liu et al., 2017), an 

optimal scanning protocol to visualize or quantitatively measure the LC has not been 

established. 

<<Figure 1>> 

Figure 1. Post-mortem studies have reported an inverted U-shaped (A, B) or linear (C) pattern of 

neuromelanin accrual in LC neurons, and a linear decline (B) or no change (D) in LC neuron 

number with increasing age. Graph A (reproduced with permission from (Mann and Yates, 1974) shows 

mean melanin content of LC neurons against age from 45 human cases (age range 0-91 years). 

Participants did not have neurological illness or abnormal neuropathological findings. Graph B 

(reproduced with permission from (Manaye et al., 1995)) shows the total number of LC neurons 

(neuromelanin (NM) and tyrosine hydroxylase (TH) cell counts) on one side of the brain against age from 

17 human cases (age range 1-104 years). Fourteen brains were from individuals with no known 

neurological or psychiatric disease, two had psychiatric illness and one had Down’s syndrome. Graph C 

(reproduced with permission from (Zucca et al., 2006)) shows the mean neuromelanin content in LC 

neurons against age from healthy adults (age range 14-97 years) with no known neuropsychiatric or 

neurodegenerative disease. Graph D (reproduced with permission from (Ohm et al., 1997)) shows the 

stereological LC cell count from one side of the brain against age from 20 healthy adults (age range 49-

98 years).  

 

The Cambridge Centre for Ageing and Neuroscience (Cam-CAN) is a large-scale 

collaborative research project that aims to identify the neural mechanisms underlying 

successful ageing in a population-based sample spanning the adult lifespan (Shafto et 
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al., 2014). This database includes MT-weighted images of the brain from over 600 

healthy participants aged between 18-88 years (Taylor et al., 2017) (see Methods 

section for a detailed scanning protocol). 

 

We obtained normalized, mean LC signal intensities from previously acquired MT-

weighted images from the Cam-CAN database (obtained from the CamCAN repository 

available at http://www.mrc-cbu.cam.ac.uk/datasets/camcan/) to investigate the 

relationship between LC signal intensity and age in cognitively normal healthy adults. By 

using the Cam-CAN database, we were able to use a much larger sample size than 

previous studies to investigate the relationship between LC signal intensity and age. We 

expected the LC signal intensity to increase with age in younger adults below the age of 

around 60 years, reflecting neuromelanin accumulation without substantial cell loss. 

However, the relationship between LC signal intensity and age in older adults from the 

age of around 60 years is less clear, because previous studies have reported conflicting 

findings and only involved relatively small samples. Visualization of the LC in this study 

was also compared to previous MT-weighted MRI studies of the LC, and its potential 

contribution towards an optimal scanning protocol for future studies is discussed. 

 

2. Material and methods 

2.1 Participants 

A population-based cohort of healthy adults (n=708) was recruited as part of the Cam-

CAN project (Shafto et al., 2014). Participants were cognitively healthy and excluded 

based on several criteria: Mini Mental State Examination (MMSE) <25 (consistent with 
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the standard cut-off used for cognitive impairment screening); failing to hear a 35 dB 1 

kH tone in either ear; poor English language skills (non-native or non-bilingual 

speakers); self-reported substance abuse, diagnoses of dementia/Alzheimer’s disease, 

Parkinson’s disease, stroke, epilepsy, serious head injury, or other serious health 

conditions (for example, major psychiatric conditions, a history of stroke or heart 

conditions); or MRI or magnetoencephalography (MEG) contraindications (for example, 

ferromagnetic metallic implants, pacemakers or recent surgery). Usable MT-weighted 

imaging data was collected from 623 individuals (316 female, age range 18-88 years, 

mean=54 years, SD=18.6). Ethical approval for the study was obtained from the 

Cambridgeshire 2 (now East of England - Cambridge Central) Research Ethics 

Committee (reference: 10/H0308/50), and all participants provided written informed 

consent prior to the study.   

 

2.2 Structural imaging protocol 

Participants were scanned with a 3T Siemens TIM Trio System, employing a 32 channel 

head coil. MT-weighted images for each participant were obtained from a 3D, MT-

prepared Spoiled Gradient Echo (SPGR) sequence with either Repetition Time (TR) 

=30 ms or TR =50 ms (the TR =50 milliseconds sequences were used when the 

participant’s SAR estimation for the TR = 30 milliseconds sequences exceeded the 

stimulation limits); Echo Time (TE) =5 milliseconds; flip angle =12 degrees; field of view 

(FOV) =192 × 192 mm; voxel-size =1.5 mm isotropic; bandwidth =190 Hz/px; acquisition 

time of 2 minutes and 36 seconds per sequence for TR = 30 milliseconds, and 4 

minutes and 19 seconds per sequence for TR = 50 milliseconds. For MT weighting, a 
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Gaussian shaped RF pulse with an offset frequency of 1950 Hz (bandwidth =375 Hz, 

500 degree flip angle, duration =9984 microseconds) was utilised. A 3D T1-weighted 

structural image was also acquired for each participant using a Magnetization Prepared 

Rapid Gradient Echo (MPRAGE) sequence with the following parameters: TR = 2250 

milliseconds, TE = 2.00 milliseconds, inversion time = 900 milliseconds; flip angle = 9 

degrees; FOV = 256 x 240 x 192 mm; voxel size = 1mm isotropic; Generalized 

Autocalibrating Partial Parallel Acquisition (GRAPPA) acceleration factor = 2; acquisition 

time of 4 minutes 32 seconds. MT- and T1-weighted images were then processed and 

analyzed as described below.  

 

2.3 Spatial normalization and coregistration 

Prior to spatial normalization, single-subject MT-weighted images were upsampled to 

0.8-mm isotropic resolution to improve visualization of the LC. MT-weighted images 

were then bias-corrected (N4- ITK) (Tustison et al., 2010) and spatially normalized to a 

study-wise space using a highly iterative co-registration routine available from the ANTS 

v2.1 software package (http://stnava.github.io/ANTs). On neuromelanin-optimized, MT-

weighted MRI scans, the LC appears as hyperintense voxels bilaterally on the lateral 

floor of the fourth ventricle. To confirm the anatomical location of the LC, a multicontrast 

template was created from the upsampled MT-weighted and T1-weighted images using 

the default settings in the “antsMultiVariateTemplateConstruction2.sh” script in ANTS 

v2.1. This approach uses the two modalities to drive registration to create a group 

average image for each input modality, i.e. a T1- and MT-weighted group average 

image (see Figure 2 F,G). Both images were coregistered using 

“antsRegistrationSyNQuick.sh” script in ANTS v2.1, and the T1-weighted image was 
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used to confirm the location of the LC mask with greater precision compared to the 

lower resolution MT-weighted images.  

 

2.4 LC segmentation and signal intensity extraction 

The left and right LC were each manually segmented on the study-wise MT-weighted 

template independently by two authors (KL and DH) using the software package ITK-

Snap (Yushkevich et al., 2006). The LC mask was defined as the conjunction of labeled 

voxels from the two raters (see Figure 2 D, E) and inter-rater agreement was assessed. 

The LC mask was warped back to the individual native space using ANTS v2.1 (Avants 

et al., 2011), and visually assessed for each subject to ensure correct identification of 

the LC in individual scans (see Figure 3). Individual MT and T1-weighted scans were 

also visually inspected for movement artefacts independently by two authors (KL and 

DH) and 17 datasets were excluded as the motion artefacts were judged to be 

significant by both authors. After the mean signal intensity in the LC masks from the 

remaining 605 scans was extracted using an in-house script written in Matlab (2014b; 

Mathworks Inc., Natick, MA, USA) software, an additional participant was subsequently 

excluded after initial analysis revealed a negative mean LC CR value, which on further 

inspection was due to previously undetected motion in the brainstem region (for the 

excluded 18 participants, age range was 20-80 years, mean [SD] = 59 [22] years). Thus 

605 participants (97% of original sample) were included in the final analysis.  

 

To account for inter-subject variability in overall signal intensity, mean signal intensities 

in the left and right LC were assessed relative to a reference region in the pons (10x10 
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voxels or 8x8 mm wide) on the study-wise template, placed automatically in the middle 

slice of the LC mask in the z direction, halfway between the left and right LC in the x 

(left-right) direction, and 5 voxels (2 mm) above the LC mask in the y (rostrocaudal) 

direction (see Figure 3). The size of the reference region was previously chosen in two 

published studies (Clewett et al., 2016; Hämmerer et al., 2018) to avoid capturing low 

signal intensities in the ventral tip of the fourth ventricle and the darker medial 

leminiscus/pons. Normalization of the LC signal to a reference region (pons) to calculate 

the contrast ratio (CR) has been the most commonly employed method to report 

findings in previous studies (Liu et al., 2017), and mean signal intensity values were 

extracted to calculate normalized LC signal intensities (CR) using the following formula: 

 

�� =
(����	�
��)

�
��
, 

 

where SLC represents the signal intensity of the LC and Sref, the signal intensity of a 

reference region. This was also the most commonly used CR formula from previous 

studies (Liu et al., 2017).  

 

2.5 Statistical analysis 

Both linear and quadratic regression analyses with alpha level of 0.05 were performed 

and compared using the Akaike information criterion (AIC) to determine the best model 

to fit the pattern of age-dependent differences in LC CR. This was followed by a post-

hoc ‘two-lines’ test (Simonsohn, 2017) to test the validity of a U-shaped relationship. 

Difference in mean LC CR between males and females was analyzed with an 

independent Student’s t-test and a two-sided Bayesian independent t-test with a default 
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Cauchy prior width of r = √[2]/2 (Morey et al., 2015) (the Bayes factor provides several 

advantages over the p-value, i.e., it compares the likelihood of both the null and 

alternative hypotheses and thus can be used to corroborate the null hypothesis (Dienes, 

2014)). Age-related differences in reference region (pontine) signal intensity were also 

assessed, controlling for the effect of the two TR parameters (30 or 50 ms). Multiple 

regression of age on LC CR was subsequently performed, with age modelled by linear 

and quadratic terms, reference region (pontine) signal intensity and TR parameter as 

covariates, and an age-sex interaction term. High multicollinearity, or a high degree of 

correlation between two or more predictor variables, can decrease the reliability of the 

results in a regression model. Therefore, the degree of multicollinearity between 

variables was measured by calculating the variance inflation factor (VIF), with a VIF > 5 

indicating high correlation.   

 

As secondary analyses, regional age-related differences in the LC were compared 

(using the same methods described above) after dividing each participant’s LC into a 

rostral and caudal region either side of the median voxel along the z-axis. Differences in 

rostral and caudal LC CR between older and younger adults were measured using 

Welch’s t-tests. The mean number of voxels of the LC was related to age (linear and 

quadratic regressions) and TR group (30ms or 50ms), and the left and right LC were 

compared in terms of the mean number of voxels and maximum signal intensity ratios 

using paired t-tests. The maximum LC CR was calculated to allow cross-study 

comparison, as prior studies have also used this measure to investigate left-right (Betts 
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et al., 2017; Tona et al., 2017) and rostrocaudal (Betts et al., 2017; Dahl et al., 2018) 

differences. 

 

3. Results 

3.1 LC segmentation and signal intensity extraction  

Two areas of signal hyperintensity were observed on the MT-weighted group template, 

which corresponded to the shape and neuroanatomical locations of the right and left LC 

when compared to the T1-weighted group image created using the multivariate template 

approach (Figure 2, G). Notably, the LC could also be visualized on individual scans 

across the range of LC CR values (Figure 3). The inter-rater agreement, or percentage 

overlap, for the LC segmentations was 87% for rater DH and 80% for rater KL. The 

resulting LC mask had a maximum dorsoventral and mediolateral extension of 3.2mm, a 

rostrocaudal extension of 12.8mm, and consisted of 333 voxels in total, which equated 

to approximately 171mm3 (approximately 85mm3 for each LC). These measurements 

were close to previously published ex vivo dimensions (14.5 mm x 2.5 mm x 2 mm and 

an estimated volume of around 70mm3 for each LC) (Fernandes et al., 2012). To allow 

comparison between the Cam-CAN LC mask and previously published LC masks (Betts 

et al., 2017; Dahl et al., 2018; Keren et al., 2009), the MT-weighted template was co-

registered to the MNI152 space (using the “antsRegistrationSyNQuick.sh” routine in 

ANTS v2.1, with “rigid + deformable syn” as transformation type) and the obtained 

transformation matrices were applied to warp the mask to MNI space. The Cam-CAN 

LC mask percentage spatial overlap was 94%, 48% and 19% relative to the Dahl, Keren 

(1SD) and Betts mask volumes respectively. As was reported to be the case with the 
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Dahl mask (Dahl et al., 2018), it was observed that the Cam-CAN LC mask did not 

extend as far caudally as did the Keren and Betts masks, explaining the relatively lower 

overlap with these masks (see Figure 4). To illustrate this, after dividing the Keren mask 

into three equally sized (upper, middle and lower) sections, the resulting Cam-CAN LC 

mask percentage spatial overlap values relative to these areas were 67%, 89% and 7% 

respectively. The overlap of the rostral Cam-CAN mask relative to the upper third of 

Keren’s mask was 67%, and the overlap of the caudal Cam-CAN mask relative to the 

middle third of Keren’s mask was 64%. The Betts mask (which had the lowest overlap) 

also did not extend as far rostrally as did the other masks. The substantia nigra, a 

region with similar macromolecular properties to the LC, could also be visualized as two 

areas of signal hyperintensity on the MT-weighted template and MT-weighted 

multivariate group image (Figure 2, A), providing further support for the validity of the 

observed LC signal.  

 

<<Figure 2>> 

 

Figure 2. Cam-CAN MT-weighted group template images showing LC (axial B,D, coronal C,E) with 

LC segmentations (D,E in red). A multivariate template approach was used to create a MT-

weighted (F) and T1-weighted (G) group image. The substantia nigra could be visualized on the 

MT-weighted group template (A). In (B) and (F), two areas of signal hyperintensity are visible which 

correspond to the neuroanatomical positions of right and left LC in the lateral floor on the 4th ventricle in 

(G). The left LC can be seen at the crosshair in (F) and its position in (G) is indicated by the 

corresponding crosshair. Segmentation of these areas were performed on the axial slices on the MT-

weighted template (D). The substantia nigra, a region with similar macromolecular properties to the LC, 

could also be visualized as two areas of signal hyperintensity on the MT-weighted group template (A). 

 

<<Figure 3>> 
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Figure 3. Cam-CAN MT-weighted images from three individual subjects with LC and reference 

region (pons) segmentations (second row, red). The number above each image is the mean LC CR 

value for an individual subject, demonstrating that the LC can be visualized on individual scans as two 

areas of signal hyperintensity (first row) across the range of LC CR values, shown in axial (left) and 

coronal (right) views. In the second row, the large red square represents the reference region (pons). 

These images for each participant were visually assessed to ensure correct identification of the LC and to 

detect any significant movement artefacts.   

 

<<Figure 4>> 

 

Figure 4. Spatial overlap between the Cam-CAN LC mask and three other published LC masks in 

MNI space. The Cam-CAN LC mask (white) showed spatial overlap with LC masks from three previous 

studies (Betts et al., 2017; Dahl et al., 2018; Keren et al., 2009), overlapping 94% relative to the Dahl 

mask (top row, green), 48% relative to the Keren 1SD mask (middle row, red) and 19% relative to the 

Betts mask (bottom row, blue). As was the case for the Dahl mask (Dahl et al., 2018), it can be observed 

that the Cam-CAN LC mask does not extend as far caudally as did the Keren and Betts masks, 

explaining the relatively lower overlap, and the Betts mask (which had the lowest overlap) did not extend 

as far rostrally as did the other masks. 

 

3.2 Relationship between LC CR and age 

Figure 5 (A) shows the mean LC CR for each participant plotted against age (n = 605). 

A quadratic model (adjusted R2=0.126, p<0.001) was a better fit for the data compared 

to a linear model (adjusted R2=0.086, p<0.001) according to the AIC (AICdiff=26). 

However, the validity of testing U-shaped relationships (i.e. an increase followed by a 

decrease) with a quadratic regression has recently been contested (Simonsohn, 2017), 

so a post-hoc ‘two-lines’ test (proposed as a valid alternative (Simonsohn, 2017)) was 

conducted (Figure 6, B). The breakpoint for ‘low’ versus ‘high’ age groups using this test 

was 57 years, and although the two slopes were of opposite sign, the downward slope 

was not individually significant (p=0.92), thus not conclusively supporting an inverted U-

shaped relationship between whole LC CR and age in this sample. The variance in the 
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older group (>57 years) was significantly higher than that in the younger group (<57 

years) (F=1.46, p<0.001).  

 

No significant difference in mean LC CR between males (M = 0.094, SD = 0.029) and 

females (M = 0.092, SD = 0.026) was found; t(603) = 1.46, p=0.144, Bayes factor = 3.9 

in favor of the null hypothesis (effect size d [95% CI] = 0.12 [-0.04, 0.28]), and this null 

effect was also observed within subgroups of older (>57 years) and younger (<57 years) 

individuals. The TR parameter was reported for 599 of the total 605 participants (n=369 

for 30 ms and n=230 for 50 ms) and the two TR groups differed significantly in mean 

age (t = -2.6[523], p<0.01), mean LC CR (t = 3.8[462], p<0.001) and mean reference 

region signal intensity (t = -30.8[327], p<0.001). A negative linear relationship between 

the reference region (pons) signal intensity and age was observed (β = -0.08, adjusted 

R2 = 0.005, p = 0.049, see Figure 5, D) which remained significant after controlling for 

TR (β = -0.17, adjusted R2 = 0.693, p<0.001). The quadratic relationship between age 

and mean LC CR also remained significant after adjusting for reference region (pontine) 

signal intensity and TR (30 or 50 ms) in a multiple regression analysis that included a 

second-degree polynomial expansion of age and an age-sex interaction term (adjusted 

R2= 0.144, F(4,594)=26.1, p<0.001). No significant age-sex interaction effect was 

observed. Tests for multicollinearity indicated that only a low level of multicollinearity 

was present (VIF = 1.10 for age, 3.26 for reference region signal intensity and 3.28 for 

TR).  
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After dividing each participant’s LC into a rostral and caudal region, the maximum and 

mean LC CR from these regions were plotted against age (Figure 6, A and B). Because 

the Betts and Keren LC masks were observed to extend more caudally than the Cam-

CAN LC mask (Figure 4), the latter is likely to be capturing the rostral and middle 

portion of the LC. Therefore, the caudal region of the LC mask in this study is likely to 

represent the middle portion of the actual LC. On average, the maximum LC CR was 

significantly higher in the rostral (mean = 0.072, SD = 0.037) than the caudal region of 

the LC mask (mean = 0.062, SD = 0.03); t(604)= 10.4, p<0.001) (Figure 7, A). Older 

adults (>57 years) had higher maximum, mean and median LC CR values in the rostral 

(maximum: t(542)=5.28, p<0.001; mean: t(520)=3.92, p<0.001; median: t(516)=3.52, 

p<0.001) and caudal (maximum: t(577)=6.69, p<0.001; mean: t(539)=6.63, p<0.001; 

median: t(529)=6.66, p<0.001) regions compared to younger adults (<57 years). As for 

the whole LC, quadratic models were a better fit for the rostral and caudal LC CR data 

than linear models according to the AIC. Subsequent two-lines tests revealed that only 

the rostral region showed an inverted-U relationship between mean LC CR and age 

(Figure 6, C), with both the upward (p<0.001) and downward (p=0.0426) slopes 

reaching statistical significance. The mean number of voxels of LC for the 605 

participants was 310 voxels (SD = 45.5). There was no significant relationship between 

the total number of voxels and age (linear [p=0.08, Bayes factor = 2.4 in favour of null] 

or quadratic [p=0.18] regressions) or between number of voxels and TR group (30 or 50 

ms) (p=0.77, Bayes factor=10 in favour of the null hypothesis). On average, the left LC 

had a significantly higher number of voxels (mean = 162, SD = 26.0;  t(622)=17.5, 

p<0.001) and higher maximum CR (mean = 0.071, SD 0.036;  t(604) = 7.48, p<0.001) 
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compared to the right (mean voxels = 148, SD = 24.0; mean maximum LC CR = 0.063, 

SD = 0.037). 

 

<<Figure 5>> 

 

Figure 5. Graphs showing the relationship between mean LC CR (A, B, E), raw LC mean signal 

intensity (C), or mean pontine reference region signal intensity (D) and age in years. Unfilled circles 

(A, B, C, D) represent individual data points (n=605); solid red circles represent males (n=295) and solid 

blue circles represent females (n=310) (E). In (A), a quadratic model (adjusted R2=0.126, p<0.001) 

provided a better fit than a linear model (adjusted R2=0.086, p<0.001) according to the AIC. The quadratic 

relationship remained significant (adjusted R2=0.181, p<0.001) after controlling for reference region signal 

intensity and TR scan parameter (30 or 50 ms).  In (B), a post-hoc ‘two-lines’ test (proposed to be a valid 

alternative to testing a U-shaped relationship) provided a breakpoint of 57 years but the second slope 

was not individually significant (p=0.92); not fully supporting the presence of a U-shaped relationship 

between LC CR and age. This may have been related to a smaller age range and higher variance 

(F=1.46, p<0.001) in the ‘older’ (>57 years) vs ‘younger’ group (<57 years). (C) shows a non-significant, 

weak, negative linear relationship between the raw LC signal intensity mean scores and age (r=-0.039, 

adj R2 =0.0002, p=0.341) and (D) shows the observed significant negative linear relationship between 

reference region (pontine) signal intensity and age (r=-0.1, adj R2 = 0.005, p=0.049).  In (E), no significant 

difference in mean LC CR was found between males (n=295, solid red circles) and females (n=310, solid 

blue circles) using a Bayesian approach.  

 

<<Figure 6>> 

 

Figure 6. Graphs showing regional age-related differences in LC CR, plotting maximum (A) or 

mean (B, C, D) LC CR for rostral/caudal regions of LC and age in years.  Solid red and blue circles (A 

and B) represent individual data points for rostral and caudal LC CR values respectively. Unfilled circles 
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(C and D) represent individual data points (n=605). Age-related differences were observed for maximum 

(A) and mean (B) LC CR within rostral and caudal regions of LC, and the rostral region showed 

significantly higher LC CR values than the caudal region. Quadratic models were a better fit for the data 

compared to a linear model according to the AIC. A subsequent two-lines test revealed an inverted-U 

relationship (with breakpoints shown in green) between mean LC CR and age in the rostral region but not 

in the caudal region, as both the upward (p<0.001) and downward (p=0.0426) slopes for the former 

reached statistical significance.  

 

 4. Discussion 

With 605 healthy participants aged between 18 and 88 years, this is the largest in vivo 

study to investigate the relationship between age and LC signal intensity in a cross-

sectional sample across the lifespan. It is also the first study to use existing MT-

weighted scans from an open access database (Cam-CAN) that had utilized scanning 

parameters not specifically selected to investigate and visualize the LC.  

 

Previous studies have reported an inverted-U pattern (i.e. an increase up to around 60 

years followed by a decrease) between LC signal intensity and age in vivo (Shibata et 

al., 2006) and LC neuromelanin and age ex-vivo (D. M. A. Mann P. O. Yates, 1974). 

Consistent with these studies, we found that a quadratic model was a better fit for the 

data, with the peak occurring around 60 years. Our findings support the concept that LC 

signal intensity increases with age in younger adults below the age of around 60 years 

due to neuromelanin accumulation without substantial cell loss. However, as the precise 

relationship between age-related differences in LC CR and the morphology and number 

of LC neurons was not investigated, we cannot prove this nor exclude the possibility of 

age-related shrinkage of pigmented cells. We also observed that LC CR no longer 
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increases from around 60 years, which could be due to an overall reduction in 

neuromelanin content related to loss of neuromelanin-containing noradrenergic neurons 

in the LC. Our analyses revealed that within the rostral LC, there was an inverted-U 

relationship between mean LC CR and age, but our data precluded conclusive evidence 

for the presence of overall age-related decline in LC CR in the caudal region of the 

mask and the LC as a whole. This is because, unlike previous studies, we employed a 

post-hoc ‘two-lines’ test to assess the validity of a U-shaped relationship, and found that 

the downward slope was only statistically significant for the rostral LC (p=0.04), and not 

the more caudal region (p=0.25) or whole LC (p=0.92). Although this was not the 

primary hypothesis of this study, it is consistent with what we would expect from 

previous post-mortem studies, which found greater age-related cell loss within the 

rostral compared to more caudal regions of the LC (Chan-Palay and Asan, 1989a; 

Manaye et al., 1995). Notably, this is also the pattern of LC cell loss that occurs in 

Alzheimer’s disease (Chan-Palay and Asan, 1989b; German et al., 1992). Animal 

studies have indicated that rostral LC cells project to the cerebral cortex and forebrain 

(including hippocampus) structures, whereas caudal LC neurons innervate spinal cord 

and cerebellum (Loughlin et al., 1986; Schwarz and Luo, 2015; Ungerstedt, 1971). In 

the forebrain, noradrenaline plays a role in modulating cognitive functions such as 

attention, learning and memory, thus our findings also support observations that age-

related differences in the noradrenergic system affect these cognitive functions in older 

adults, e.g. memory performance (Dahl et al., 2018; Hämmerer et al., 2018).  

 

Our study found no significant difference in LC CR between males and females using a 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

21 

Bayesian approach in a sample of 605 participants. Previous studies have reported 

conflicting findings on this, which may have been related to their smaller sample sizes 

(<70 subjects) and/or different scan parameters and analyses (Clewett et al., 2016; 

Shibata et al., 2006). 

 

Conflicting findings have also been reported on the precise topographical pattern of 

age-related differences in LC signal intensity ratios, as one study found higher 

maximum (but not median) rostral LC CR in older adults (Betts et al., 2017) whilst 

another found higher maximum LC CR in the caudal LC in this age group (Dahl et al., 

2018) compared to younger adults. Using a much larger sample, our study found that 

on average, older adults (>57 years) had significantly higher maximum, mean and 

median LC CR values in the rostral and caudal portions of the LC mask compared to 

younger adults (<57 years).  

 

We also observed that, on average, the left LC had a significantly higher number of 

voxels and higher maximum LC CR compared to the right. A lateralization effect has 

previously been reported, but so far the findings have been inconsistent; one recent 

study found that the right LC was larger and had higher maximum LC CR than the left 

(Tona et al., 2017), whilst another study found higher maximum and median LC CR in 

the left vs right LC (Betts et al., 2017). One possible explanation for the CR difference 

between right and left LC could be variations in radiofrequency asymmetry related to 

different scanners, however, when we analyzed a second pontine reference region 

consisting of right and left subregions (see below and in Supplementary materials), we 
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found the opposite lateralization effect in raw signal intensity (i.e. right > left), supporting 

the concept that the observed lateralization in LC CR represents functional lateralization 

rather than a technical effect. Previous functional MRI studies that have reported 

activation location coordinates for left and/or right LC support the possible presence of 

functional lateralization, reporting left LC activation (N=15), right LC activation (N=12), 

and bilateral activation (N=8) associated with a wide range of conditions and cognitive 

tasks (Liu et al. 2017). There does not appear to be a clear distinction between 

conditions or tasks associated with left, right or bilateral LC activation, although some 

cognitive functions were consistently associated with right or left LC. For example, 

stress and pain activated right LC in some studies and left LC in others, and three 

studies that used tasks to probe attention consistently reported right LC activation, and 

three studies that investigated decision-making and novelty consistently reported left LC 

activation. Further studies are needed to investigate the observed lateralization effect in 

the LC and pons. 

 

As with previously reported post-mortem studies, it is not known whether our findings 

represent the effects of healthy ageing alone, or whether they are affected by the 

additional presence of individuals with presymptomatic pathological conditions such as 

Alzheimer’s disease. Older adults showed higher inter-individual variance in whole LC 

mean signal intensity contrast ratios compared to younger adults, which may have been 

related to differences in cognitive reserve (education, occupational attainment and 

verbal intelligence) (Clewett et al., 2016) and memory performance (Hämmerer et al., 

2018), both of which have been positively related to LC signal intensity in older adults. 
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Although our study employed a much larger sample size than previous studies, it is 

possible that the power required to show a significant age-related decline in whole LC 

signal intensity in the older group (>57 years) was limited by higher variance (F=1.52, 

p<0.001) and reduced age range compared to younger adults (<57 years), thus a larger 

sample and/or recruitment of more participants over 90 years may have provided more 

precision to conclusively define age-related differences in the LC. Participants’ cognitive 

and behavioral outcomes on tasks known to be dependent on functional integrity of the 

noradrenergic system (e.g. emotional regulation/memory, inhibition and attention) may 

help to clarify the functional significance of these observed age-related differences in 

older adults, and this is an area that we plan to investigate in a subsequent study. 

Follow-up of the participants would help to identify any who were at the early and 

presymptomatic stage of a neurodegenerative disorder (despite scoring above the 

conventional MMSE cut-off for dementia at the time of scanning), which might have 

influenced the LC signal intensity rather than the effects of increasing age alone.  

 

The observed age-related differences in LC CR (Figures 5 and 6) have potential 

implications for sample size calculations in future studies, as the statistical power 

needed to show age-related changes may vary depending on where recruited 

participants lie on particular sections of the quadratic curve, and which regions of the LC 

are measured. For example, our study supports the findings of a recent in vivo cohort 

study (Clewett et al., 2016) which reported higher mean LC signal intensity in older 

adults (mean age 67, range 58-75 years) compared to younger adults (mean age 24, 

range 18-34 years). Comparison of Cam-CAN participants within these age ranges 
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(mean age in older adults 66, in younger adults 28 years) also showed that the older 

group had a significantly higher mean LC signal intensity than the younger group 

(t=8.06, p<0.001). Due to the observed quadratic relationship between LC CR and age, 

division of a sample into older and younger participant groups to investigate age-related 

changes in the LC may obscure potential age-related decline in signal intensity in the 

over 60s.  

 

Normalization of LC signal intensity to a reference region aims to reduce inter-individual 

variability and to facilitate across-study comparison, as long as the same calculation is 

used. However, a potential limitation with this approach is that the reference region may 

also be differentially affected in healthy ageing and disease states. We and others 

(Clewett et al., 2016; Keren et al., 2009) found an age-related decrease in signal 

intensity in the pontine tegmentum, but the underlying basis for this observation is 

unknown and it is not a consistent finding (Betts et al., 2017). The effect found in this 

study contributed to some but not all of the observed age-related increase in LC CR in 

younger adults, and would not have accounted for the overall non-linear relationship 

and downward slope in LC CR from around the age of 60 years. To explore whether a 

different reference region would change our findings, we segmented a larger 3D pontine 

reference region (this pons mask consisted of 144 voxels) consisting of right and left 

subregions (Supplemental Figure 1). There was no significant relationship between age 

and signal intensity in this reference region (r=-0.03, p=0.45), and the right pontine 

reference region had a higher raw mean signal intensity than the left (t(604)=-17.4, 

p<0.001). Similar findings were obtained; age-related differences in LC CR using this 
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new reference region were better explained by a quadratic model (adjusted R2 = 0.02, 

p=0.002) (Supplemental Figure 2) than a linear model (adj R2 =0.0004 , p = 0.26), and a 

subsequent two-lines test (Supplemental Figure 2) showed that both the upwards and 

downwards slopes were significant (p=0.02 and p=0.006 respectively) (see 

Supplemental materials for full data).  

 

In this study, the LC could be clearly seen on the MT-weighted group template. The 

most common scanning technique employed in structural MRI studies to investigate the 

LC has been the use of T1-weighted rapid acquisition with refocused echoes (RARE) 

pulse sequences, also known as turbo/fast spin echo (TSE/FSE) (Liu et al., 2017). Both 

T1-shortening and MT effects have been considered as the source of neuromelanin 

contrast (Trujillo et al., 2016). To the best of our knowledge, only three previous imaging 

studies have employed an explicit MT presaturation pulse to visualize the LC in vivo, in 

combination with 2D or 3D gradient echo (GRE) sequences (Chen et al., 2014; Langley 

et al., 2016; Priovoulos et al., 2017). Compared to the published images from these 

studies, the LC signal from the MT-weighted Cam-CAN group template appears to have 

higher signal contrast and lower spatial resolution, leading to better visualization but 

potentially lower precision for manual segmentation. However, a direct comparison with 

these studies is precluded due to the fact that our group template was constructed using 

over 600 scans, whereas previous studies employed much smaller sample sizes. The 

Cam-CAN LC mask showed good overlap relative to the previously published Dahl 

mask volume (94%) and the rostral/middle portions of the Keren and Betts masks. The 

greater caudal extension of the Keren/Betts LC masks compared to our mask could be 
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because the relatively lower resolution of the Cam-CAN scanning sequence could not 

sufficiently identify this portion, which has previously been reported to show a less 

reliably observable signal (Betts et al., 2017). The Cam-CAN LC mask, warped to 

0.5mm3 MNI space, is available to download from the online Supplementary materials.  

The acquisition times of the Cam-CAN MT-weighted sequences were under 5 minutes, 

which would be more acceptable for translation to clinical populations such as AD and 

PD compared to the other studies that acquired MT-weighted images in over 12 

minutes. A consensus scanning protocol to investigate the LC has not yet been 

achieved, thus the Cam-CAN scanning parameters reported in this study may inform 

how visualization of the LC signal can be optimized for future studies.  

 

4.1 Limitations of the study 

Although this study benefited from a large sample size (n=605) and therefore greater 

statistical power compared to previous studies of the LC, there were also some 

limitations. This was a cross-sectional study reporting on inter-individual age-related 

differences in LC CR, which supports but does not prove that age-related changes 

occur within individuals, as this would require a longitudinal study.  The resolution of the 

Cam-CAN MT-weighted images (original voxel size 1.5mm isotropic) was relatively low 

compared to previous MT-weighted studies (typically 0.39 x 0.39 x 3 mm to 0.7 x 0.7 x 

0.7 mm) (Chen et al., 2014; Langley et al., 2016; Priovoulos et al., 2017), which limited 

the precision of segmentation and may have contributed to some of the variability of LC 

signal intensity values. Although we statistically corrected the regression models for the 

differences in TR, it is possible that this may not have entirely accounted for the effect of 
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these differences, which may have influenced the results. However, as the TR 

differences affected all age groups, these may not have changed the overall pattern of 

LC CR across the lifespan. Inter-individual differences in head motion may also have 

contributed to the higher variance seen in older adults, and this would have benefitted 

from measures of test-retest reliability. Although we obtained LC volume and size 

estimates that were close to previously published post-mortem values (in contrast to 

previous in vivo MRI studies in healthy adults that have reported LC volumes of less 

than 30mm3 (Liu et al., 2017)), the voxel number analyses should be interpreted 

cautiously, as partial volume artifacts characteristic of low resolution acquisitions would 

have limited the accuracy of LC volume measurements. As the volume of the LC 

obtained in this study was slightly higher than previously published ex vivo dimensions 

(85mm3 versus 73mm3 for each LC) (Fernandes et al. 2012), we cannot fully exclude 

the possibility that the LC mask did not include the pre-LC (or pericoeruleus, which lies 

rostral to the LC). Our LC mask did not extend as far caudally as did two previously 

published LC masks (Betts et al., 2017; Keren et al., 2009), so it is likely to have 

covered the rostral and middle but not the caudal region of the LC. This study found that 

in a healthy population, LC CR no longer increases with age after around 60 years, but 

we can only speculate on the biological process or processes underlying this 

observation (e.g. LC cell loss), as post-mortem validation is not available and the 

precise source of the neuromelanin contrast is unclear. Despite these limitations, our 

study emphasizes the importance of further investigating LC signal intensity as a 

potential biomarker of LC-noradrenergic integrity in the over 60s. It would be valuable to 
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subsequently assess the cognitive and behavioral correlates of LC signal intensity in 

this sample, and obtain follow-up information on any emergent diagnoses of dementia.  

 

5. Conclusions 

This study found age-related differences in normalized LC signal intensity values, i.e. 

LC CR, on MT-weighted MRI scans in a cross-sectional sample of 605 healthy adults 

across the lifespan. These scans were obtained from an open access database (Cam-

CAN) that did not specifically utilize imaging parameters to investigate the LC, and 

provides insights on how neuromelanin contrast and scanning parameters can be 

optimized for future studies. A quadratic relationship was observed between LC CR and 

age, the peak occurring around 60 years, with only the rostral region showing significant 

age-related decline. There were no differences between males and females. The 

neurobiological basis, and the functional and clinical implications of the observed age-

related differences in older adults require further investigation to improve our 

understanding of the LC-noradrenergic system in healthy ageing and 

neurodegenerative disease.  
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• A quadratic relationship between locus coeruleus signal intensity and age was 
found. 

• No differences between males and females were observed.  
• Older adults had higher variance than younger adults. 
• The functional and clinical implications of these changes require further 

research. 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1. Declarations of interest: none.  
 
2. Financial support: 
RH is supported by the UCLH NIHR BRC. The Wellcome Centre for Human 
Neuroimaging is supported by core funding from the Wellcome (203147/Z/16/Z). DH 
is supported by the Medical Research Council (Grant Ref: MR/P012698/1), German 
Academic Exchange Service (ID 91515956), the Human Brain Project (SP3 WP 
3.3.1), and SFB (Sonderforschungsbereich) 779, Project A7. The Cambridge Centre 
for Ageing and Neuroscience (Cam-CAN) research was supported by the 
Biotechnology and Biological Sciences Research Council (grant number 
BB/H008217/1). Additional support to RNH and RAK was from the Medical Research 
Council (grants SUAG/010 RG91365 and SUAG/014 RG91365) and the European 
Union’s Horizon 2020 research and innovation programme under grant agreement 
No 732592. 
 
3. The data contained in the manuscript being submitted has not been previously 
published, has not been submitted elsewhere and will not be submitted elsewhere 
while under consideration at Neurobiology of Aging. 
 
4. All authors have reviewed the contents of the manuscript being submitted, 
approve of its contents and validate the accuracy of the data.  
 


