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OXFORD

Associations between MRI-assessed locus coeruleus
integrity and cortical gray matter microstructure
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The locus coeruleus (LC) is one of the earliest sites of tau pathology, making it a key structure in early Alzheimer’s disease (AD)
progression. As the primary source of norepinephrine for the brain, reduced LC integrity may have negative consequences for
brain health, yet macrostructural brain measures (e.g. cortical thickness) may not be sensitive to early stages of neurodegeneration.
We therefore examined whether LC integrity was associated with differences in cortical gray matter microstructure among 435
men (mean age = 67.5; range =62-71.7). LC structural integrity was indexed by contrast-to-noise ratio (LCcnr) from a neuromelanin-
sensitive MRI scan. Restriction spectrum imaging (RSI), an advanced multi-shell diffusion technique, was used to characterize cortical
microstructure, modeling total diffusion in restricted, hindered, and free water compartments. Higher LCcnr (greater integrity) was
associated with higher hindered and lower free water diffusion in multiple cortical regions. In contrast, no associations between LCcnr
and cortical thickness survived correction. Results suggest lower LC integrity is associated with patterns of cortical microstructure
that may reflect a reduction in cytoarchitectural barriers due to broader neurodegenerative processes. These findings highlight the
potential utility for LC imaging and advanced diffusion measures of cortical microstructure in assessing brain health and early

identification of neurodegenerative processes.

Key words: Alzheimer’s disease; aging; diffusion; neuromelanin MRI; restriction spectrum imaging.

Thelocus coeruleus (LC) is a small brainstem structure
that serves as the brain’s primary source of nore-
pinephrine (NE) (Berridge and Waterhouse 2003). It plays
an important neuromodulatory role with widespread
projections throughout the brain (Aston-Jones and Cohen
2005; Mather et al. 2016). Although often linked to
arousal and vigilance (Aston-jones et al. 1994; Rajkowski
et al. 1994; Samuels and Szabadi 2008; Sara and Bouret
2012), the LC is also involved in higher order cognitive
processes such as memory (Sara 2009, 2015; Mather
et al. 2016; Breton-Provencher et al. 2021). A number
of autopsy studies have demonstrated clinicopathologic
correlations in Alzheimer's disease (AD) involving the
LC. For example, neurofibrillary tangles and tissue loss
in the LC correlate with premortem disease duration and
symptom severity (Bondareff et al. 1987; German et al.
1987; German et al. 1992; Grudzien et al. 2007; Wilson
et al. 2013; Kelly et al. 2017; Theofilas et al. 2017). In fact,
the LC may be one of the earliest sites of abnormal tau

pathology (Braak et al. 2011), so assessing its structure
and function holds great potential for early identification
of AD risk.

Despite its small size, LC dysfunction may have
widespread and serious consequences. The LC-NE
system contributes to the maintenance of brain health
through multiple routes (Mather and Harley 2016;
Matchett et al. 2021). LC-synthesized NE plays an
important role in regulating neuroinflammation, and
therefore, its reduction can result in a heightened
inflammatory state that leads to neurodegeneration
(Feinstein et al. 2002; Heneka et al. 2010; Jardanhaz-
i-Kurutz et al. 2011; Ransohoff 2016). Damage to the LC
has also been shown to increase the accumulation of
AD pathology as well as the inflammatory response to
this pathology (Heneka et al. 2002; Weinshenker 2018).
NE also has neuroprotective effects such as promoting
the expression of growth factors critical for cell sur-
vival and contributing to efficient neural functioning
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(Chen and Russo-Neustadt 2007; Robertson 2013). There-
fore, loss of LC integrity and subsequent NE depletion
may leave the brain more vulnerable to insults that
accumulate throughout the lifespan.

Studying the LC in vivo has been especially difficult
due to its small size and because it is not visible on
standard T1-weighted MRI sequences commonly used to
examine brain structure. However, the development of
novel MRI sequences has made imaging the LC possible
(Sasaki et al. 2006; Liu et al. 2017; Betts et al. 2019b;
Kelberman et al. 2020). The exact basis of this signal
is unclear, but it may be related to signal from neu-
romelanin, a metabolite of NE that binds to metals and
is highly concentrated in the LC (Betts et al. 2019b). It
may also reflect the ratio of macromolecular to free
water ratio in the LC, with decreasing values indicating
reduced density or shrinkage of noradrenergic neurons
(Priovoulos et al. 2020).

These developments have prompted increased focus
on using higher signal contrast as a measure of greater LC
integrity (Keren et al. 2015), and thus as an early indicator
of AD pathophysiological processes. Higher LC integrity
has been linked to better performance across multiple
cognitive domains (Hammerer et al. 2018; Dahl et al.
2019; Elman et al. 2021), potentially due to its more global
role of modulating neural activity in cortical regions
that support these processes. Reduced MRI-assessed LC
integrity has been observed in individuals with AD (Betts
et al. 2019a) and those with mild cognitive impairment
(MCI) (Takahashi et al. 2015; Elman et al. 2021). A recent
study incorporating LC imaging and autopsy data found
that age-related changes in LCenr are primarily driven
by AD pathology, and that associations between LCcnr
and AD-related cognitive decline are mediated by medial
temporal lobe tau burden (Jacobs et al. 2021). The authors
conclude that LCcnr may be used as a proxy for early
tau deposition in the LC. Taken together, these findings
support the use of LC imaging to better understand
factors that contribute to cognitive and brain health and
risk for AD.

The irreversible nature of brain atrophy lends great
importance to early detection of neurodegenerative
processes. A study by Bachman et al. (2021) found that
LCenr was associated with cortical thickness in older
adults. However, brain changes in early disease stages
are likely to be quite subtle and may be difficult to detect
with commonly used metrics such as cortical thickness
or volume in some individuals. Diffusion MRI (dMRI)
may provide a more sensitive approach to detecting
microstructural changes in cell bodies and axonal fibers
that precede macrostructural changes evident on stan-
dard T1-weighted images. For example, cortical mean
diffusivity (MD) has been proposed as a useful measure
for identifying early AD-related atrophy (Weston et al.
2015). Cortical MD was also shown to correlate with
predicted symptom onset in carriers of familial AD muta-
tions even after controlling for cortical thickness (Weston
et al. 2020), indicating that it provides independent

information. Furthermore, an AD brain signature based
on MD in selected AD-related cortical regions of men
in their 50s significantly improved prediction of 12-
year progression to MCI over and above age and AD
polygenic risk whereas a cortical thickness signature did
not (Williams et al. 2021).

One shortcoming of conventional dMRI (e.g. diffusion
tensor imaging or DTI) is its inability to delineate
complex microstructural organization at the voxel level,
especially in gray matter, where multiple cytoarchitec-
tural features (i.e. cell bodies, neurites, and CSF) may
exist within each voxel due to the more broadly dispersed
nature of gray matter components. Advanced multi-
shell diffusion techniques such as restriction spectrum
imaging (RSI) have allowed for better characterization of
this complex microstructural architecture. RSI utilizes a
multi-compartment, multi-directional model, measuring
contributions to the diffusion-weighted signal along a
spectrum of length scales, from restricted to hindered
to free diffusion (White et al. 2013a; White et al.
2014). The restricted component may be sensitive to
intracellular diffusion, detecting variation in small cell
and neurite density, as well as axonal myelination or thin
glial processes. The hindered component may reflect
diffusionin the extracellular compartment or the density
of large neuronal or glial cell bodies in gray matter. The
isotropic free component models free water diffusion,
reflecting the volume fraction of CSF in each voxel,
which may increase as cellular boundaries along the
cortical mantle break down. This method additionally
models crossing fibers, which may manifest as artificially
reduced anisotropic diffusion in conventional DTI. RSI
metrics have been found to differentiate cognitively
normal individuals from those with MCI or AD, as well
as to show associations with AD pathology and memory
performance (Reas et al. 2017; Reas et al. 2020).

The neuromodulatory and neuroprotective effects of
the LC-NE system mean that reduced LC integrity should
have negative consequences for neural integrity in
widespread cortical regions innervated by this structure.
In vivo imaging of the LC allows for early monitoring
of a key structure involved early in the AD process. RSI
further allows for detection of subtle microstructural
change that may not be evident using standard MRI
techniques that focus on macrostructure such as cortical
thickness. We examine the relationship between these
measures of LC and cortical integrity in a sample of
community-dwelling men aged 62-71. Linking these
putative measures of LC and cortical integrity would
provide evidence that these techniques may provide
sensitive measures for identifying early signs of neu-
rodegeneration.

Methods
Participants

Participants were from wave 3 of the Vietnam Era Twin
Study of Aging (VETSA) project (Kremen et al. 2019).



VETSA participants comprise a national, community-
dwelling sample of male-male twins who are similar
to American men in their age range with respect to
health and lifestyle characteristics based on Center for
Disease Control and Prevention data (Schoenborn and
Heyman 2009). All served in the military service some-
time between 1965 and 1975, but nearly 80% reported no
combat exposure. Additionally, prevalence of traumatic
brain injury (TBI) in the full VETSA sample (31.4%) is
similar to a Colorado community sample (42.5%) (White-
neck et al. 2016) and only 1.2% of TBI in the included
sample was combat related. Most TBIs were mild and
occurred an average of about 40 years prior to the study
(Kaup et al. 2019). Participants took the Armed Forces
Qualification Test (AFQT) (Uhlaner and Bolanovich 1952)
upon induction into the military (approximately 20 years
of age) and during their VETSA wave 3 assessment. The
AFQT has a high correlation with other tests of general
cognitive ability (Lyons et al. 2009; Lyons et al. 2017).
Classification of mild cognitive impairment (MCI) was
based on the Jak-Bondi criteria (Jak et al. 2009).

The VETSA 3 MRI component included 525 partici-
pants using standard MRI exclusion criteria (e.g. no metal
in the body). Participants were included in the study
if they had useable data for all imaging modalities. LC
imaging data were acquired for 487 participants, but
data from 6 participants were excluded due to excessive
motion. An additional 46 participants were excluded who
did not have useable cortical thickness and diffusion
data, leaving an analytic sample size of 435. The sample
had a mean age of 67.5 years (range 62-71; SD=2.6), a
mean education of 14 (SD=2.1) years and was primarily
Caucasian (90%). Participants had a mean BMI of 29.09
(SD=4.25), a mean score of 6.84 (SD=6.90) on the Cen-
ter for Epidemiological Studies-Depression scale (Radloff
1977), 22.5% had diabetes, 56.3% had hypertension, and
14% were classified as having MCI. The mean AFQT
percentile score for participants was 60.82 (SD=21.98) at
age 20 and 54.32 (SD=21.47) during the VETSA wave 3
assessment. These scores are comparable to a mean 1Q
score of approximately 104 and 102, respectively.

The study was approved by the Institutional Review
Board at the University of California, San Diego (UCSD)
and written informed consent was obtained from all
study participants.

MRI Acquisition

Images were acquired with two GE 3 T Discovery 750x
scanners (GE Healthcare, Waukesha, W1, USA) with eight-
channel phased array head coils. The imaging protocol
included a sagittal 3D fast spoiled gradient echo (FSPGR)
Ti-weighted (T1w) volume optimized for maximum
gray/white contrast (TE=3.164 ms, TR=8.084 ms,
TI=600 ms, flip angle=8°, matrix=256x 192, in-
plane resolution=1x 1 mm, slice thickness=1.2 mm,
slices =172). The LC was imaged with an axial fast spin-
echo T1-weighted image (TR=600 ms; TE=14 ms; flip
angle= 90% matrix=512 x 320; FOV=220 mm; pixel
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size=0.42 x 0.68 mm; 10 slices; slice thickness = 2.5 mm;
interslice gap = 1 mm). Diffusion data were acquired with
a multi-shell diffusion-weighted scan (54-directions, b
values=[0 (x3), 666 (x6), 1333 (x15), 2666 (x15), 4000
(x15)] s/mm?, integrated with a pair of b=0 images
with opposite phase-encode polarity, TR=6600 ms,
TE=281.1ms, matrix =96 x 96, in-plane resolution =2.5 x
2.5 mm, slice thickness = 2.5 mm, 54 slices).

Structural MRI Processing

Structural MR images were processed as described previ-
ously (Kremen et al. 2010) using the FreeSurfer software
package (Dale et al. 1999; Fischl et al. 1999; Fischl and
Dale 2000; Fischl et al. 2004b). Briefly, this involves cor-
rection of distortion due to gradient nonlinearity (Jovicich
et al. 2006), image intensity normalization, rigid regis-
tration into standard orientation with 1 mm isotropic
voxel size, removal of non-brain tissue, and segmentation
of the subcortical white matter and deep gray matter
volumetric structures (Fischl et al. 2002; Fischl et al.
2004a). Boundaries between GM, WM, and cerebral spinal
fluid (CSF) were defined and the cortical surface was
then divided into 66 distinct regions (33 per hemisphere)
according to the Desikan-Killiany atlas (Desikan et al.
2006). Surface area and mean cortical thickness was cal-
culated for each ROI. All raw and processed images were
visually inspected for quality. White matter and brain
masks were manually edited as necessary in alignment
with standard, objective editing rules.

LC MRI Processing

Each image was manually marked by two of four expe-
rienced raters according to methods described in detail
previously (Elman et al. 2021). Briefly, signal intensities
were derived from manually marked regions of interest
(ROIs) on three axially-oriented slices corresponding
to rostral, middle, and caudal LC. On each slice, a 3-
mm?-voxel crosshair-shaped ROI was placed over left
and right LC and a 10-mm? square reference ROI was
placed in the pontine tegmentum (PT). Mean signal
was then extracted from each ROI and values from left
and right LC were averaged for each slice. LC contrast-
to-noise ratio (LCcnr) values were calculated for each
slice as LCcnr = (LCintenSity_PTintensity)/PTintensity- Highef
LCcnr values are thought to reflect greater LC structural
integrity (Keren et al. 2015). Extant literature suggests
that the rostral and middle portions of the LC are more
prone to age- and AD-related degeneration than more
caudal, cerebellar-projecting portions (German et al.
1992; Betts et al. 2019b). Therefore, the LCcnr values from
the two rostral-most marked slices were averaged (LCcnr
hereafter refers to rostral/middle LC unless otherwise
noted). Each participant image was marked by two raters,
and the rostral/middle LCcng values was averaged across
raters to obtain the final LCenr for each participant.
We previously showed that there was good inter-rater
reliability on this measure (ICC=0.87) (Elman et al. 2021).
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Exploratory analyses were conducted to examine the
impact of methodological choices for calculating LCeng.
We additionally calculated the following LCcnr values:
1) LCenr corresponding to left and right LC separately,
i) LCcnr taken from the caudal LC slice, and iii) LCcngr
taken from the slice with the highest CNR across all slices
(peak LCcngr). When extracting the maximum value from
each LC ROI, the resulting LCcnr Was highly correlated
with LCenr derived from taking the mean ROI value
(r>0.968 on all slices). Therefore, we use mean values in
all analyses.

Diffusion MRI Processing

dMRI images were pre-processed as previously described
(Elman et al. 2017b). Images were corrected for By suscep-
tibility (Chang and Fitzpatrick 1992; Morgan et al. 2004;
Holland et al. 2010) eddy current distortions (Zhuang
et al. 2006), gradient nonlinearity (Jovicich et al. 2006),
and head motion (Hagler Jr et al. 2009). T,-weighted
b=0 images were registered to Ti-weighted structural
images and registrations were reviewed manually for
quality. Diffusion-weighted images were resampled into
a standard orientation with 2-mm isotropic resolution;
the number of resampling steps was reduced by combin-
ing this with the motion correction. Cubic interpolation
was used for all resampling steps.

Several measures related to microstructural tissue
properties were calculated using RSI (White et al. 20133a;
White et al. 2013b; White et al. 2014). We use RSI to
model mixtures of “restricted,” “hindered,” and “free”
diffusion within individual voxels. The signal fractions
representing restricted and hindered diffusion were
modeled as fourth-order spherical harmonic, fiber ori-
entation density (FOD) functions. For both fractions, the
longitudinal diffusion is modeled as 1 x 103 mm?/s. For
the restricted fraction, transverse diffusion is modeled
as 0. For the hindered fraction, transverse diffusion is
modeled as 0.9 x 1073 mm?/s. The free water fraction was
modeled as isotropic diffusion with an apparent diffusion
coefficient (ADC) of 3.0 x 1072 mm?/s. Measures derived
from this RSI model fit included restricted normalized
isotropic, restricted normalized directional, restricted
normalized total, hindered normalized isotropic, hin-
dered normalized directional, hindered normalized total,
and free normalized isotropic. These normalized metrics
are calculated by taking the norm (square root of the sum
of squares) of model fit parameters for a given signal
fraction (e.g. restricted, hindered, free) and dividing by
the norm of all model fit parameters, which is equivalent
to the fitted b=0 signal intensity. These normalized RSI
measures are unitless and range from 0 to 1.

The RSI-derived measures described above and previ-
ously (Reas et al. 2017; Reas et al. 2020) are normalized
signal fractions. Some type of normalization is necessary
to account for arbitrary variation in overall intensity scal-
ing across subjects as well as intensity inhomogeneity
related to distance from the imaging coils. Normalizing
in this way, however, introduces negative correlations

between signal fractions. For example, because the
square of the normalized signal fractions must sum
to one, an increase in the normalized free fraction
will necessarily be accompanied by decreases in the
normalized restricted or hindered fractions.

To avoid this confounding negative linkage between
the estimated signal fractions and to determine whether
associations may be driven by one component, we addi-
tionally calculated unnormalized versions of each mea-
sure. We calculated unnormalized signal fractions as the
norm of squared model fit parameters for a given signal
fraction. To account for the between-subject variation
in signal intensity, as well as intensity inhomogeneity,
we pre-normalized the dMRI volumes using a smoothly
varying bias field, estimated using sparse spatial smooth-
ing and white matter segmentation, with the simplify-
ing assumption of uniform b =0 intensity values within
white matter (Hagler Jr et al. 2019). Bias corrected images
were scaled so that white matter intensities will have
an average value of 1000. The white matter segmen-
tation used to constrain the sparse spatial smoothing
was derived from the T1w volume and resampled into
registration with the dMRI volume. Registration of the
average b=0 volume to the T1w volume used coarse
registration to modality-specific atlas brains followed
by fine registration using mutual information. Outlier
voxels, defined as voxels in the white matter mask with
high b =0 intensity, were removed from the white matter
mask to prevent slight inaccuracies in the initial white
matter mask from causing poor bias field estimation in
those regions with outlier intensities in voxels labeled as
white matter (e.g. voxels that contain CSF). The removal
of outlier voxels from the white matter mask was done
iteratively and was limited to the outer band (~1 cm) of
white matter.

Diffusion metrics were mapped to the cortical surface
as previously described (Elman et al. 2017b). To minimize
the effects of partial voluming and regional variations
in cortical thickness, this approach takes a weighted
average of multiple samples across the cortical ribbon
based on the proportion of gray matter at each sampling
location. Vertex-wise estimates of each metric were sum-
marized for each ROI and left and right hemispheres were
averaged for a total of 33 bilateral ROI values. We focus
on measures of total restricted and hindered diffusion to
capture oriented and isotropic diffusion which are both
relevant in cortical gray matter, as well as free water.
Exploratory analyses were conducted on left and right
hemisphere ROIs to explore laterality effects.

Statistical Analysis

Linear mixed effects models were run using the lme4
package (Bates et al. 2015) in R v4.0.5 (R Core Team 2017)
to examine cortical thickness and the RSI metrics of
total restricted, total hindered, and free water diffusion
in each of the 33 cortical ROIs as dependent variables and
LCcnr as the independent variable. All models included
age and scanner as covariates. Family ID was included as



a random intercept to account for the non-independence
of twin pairs. Degrees of freedom, t-statistics, and signifi-
cance were calculated using the Satterthwaite method as
implemented in the package ImerTest (Kuznetsova et al.
2017). We then conducted analyses using the unnormal-
ized versions of total restricted, total hindered, and free
water diffusion to provide further information regard-
ing whether one component may be driving observed
associations with normalized measures. We corrected for
multiple comparisons using the Li and Ji method of FDR
adjustment (Li and Ji 2005). ROI results were plotted with
the ggseg package (Mowinckel and Vidal-Pifieiro 2020).

Exploratory analyses were run to examine the regional
specificity of effects and facilitate comparison with
previous studies. Laterality effects of the LC were
explored by testing associations of left and right LCengr
separately. Laterality effects in cortex were explored by
testing associations of rostral/middle LCcyg with left and
right cortical ROIs separately. To facilitate comparisons
with previous studies, associations were re-run replacing
the rostral/middle LCcnr value with the LCqnr taken from
the slice with the highest CNR across all slices (i.e. peak
LCcngr). We examined whether effects were regionally
specific within the LC by testing associations with
LCcnr from the caudal-most slice. Finally, we examined
whether associations were specific to the LC in general
by using bilateral hippocampal volume as the region of
interest instead of rostral/middle LCcng.

Data Availability

VETSA data are publicly available, with restrictions.
Information regarding data access can be found at our

website:  http://medschool.ucsd.edu/som/psychiatry/
research/VETSA.
Results

Associations between LCcyg and RSI

There were nominally significant associations between
LCcnr and restricted signal fraction in the rostral and
caudal anterior cingulate but neither survived correction
for multiple comparisons (Fig. 1A; Table 1). In contrast,
several regions showed positive associations that sur-
vived correction in which higher LCcyr was related to
higher hindered signal fraction, including inferior tem-
poral, superior temporal, lateral and medial parietal,
and lateral orbitofrontal cortices (Fig. 1B; Table 1). Higher
LCcnr Was associated with lower free water signal frac-
tion in a subset of regions that were significantly associ-
ated with hindered diffusion (Fig. 1C; Table 1). However,
the effects were somewhat weaker and less extensive in
the temporo-parietal regions.

To determine whether associations with normalized
metrics were primarily driven by one component, we
examined associations between LCcnr and unnormalized
versions of the RSI metrics. In contrast to the normalized
metrics, there were no significant associations with free
water. Higher LCcnr Was associated with higher hindered
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diffusion in many cortical regions, with more a more
extensive pattern of associations surviving correction
compared to that seen with the normalized metric (Fig. 2;
Table 2). These results suggest that the associations with
the normalized metrics were driven by the hindered
component.

Associations between LCcng and Cortical
Thickness

The association between LCcnr and cortical thickness
was nominally significant (P < 0.05) in the fusiform gyrus
and frontal pole, with higher LC integrity associated with
thicker cortex (Fig. 1D). However, neither of these regions
survived FDR-correction.

Regional Specificity of Associations

Exploratory analyses were run to explore regional speci-
ficity and for comparison to other studies. We focus on
associations with cortical thickness (for comparison with
previous studies) and unnormalized hindered diffusion
(the RSI metric showing significant associations with the
LC). We explored whether associations differed between
left and right LC. Neither left nor right LCcnr showed sig-
nificant associations with cortical thickness. Right LCcngr
did show more extensive associations with unnormal-
ized hindered diffusion that survived correction com-
pared with left LCenr (Supplemental Fig. S1). Examining
unthresholded results suggests that right LCenr asso-
ciations were stronger, but the spatial patterns were
similar. The association of bilateral rostral/middle LCcnr
was similar for left and right hemisphere cortical ROIs.
That is, there were no significant associations with corti-
cal thickness and widespread associations with unnor-
malized hindered diffusion. Except for a small num-
ber of ROIs in temporo-parietal cortex, the pattern of
results was broadly similar in left and right hemisphere
(Supplemental Fig. S2).

LCcnr from the caudal LC did not show any signifi-
cant associations with cortical thickness or RSI. Across
all raters and images, the slice with peak LCcnr Was
on the middle slice on 50% of markings, the rostral
slice 39%, and caudal slice 11%. Peak LCcnr Was not
associated with cortical thickness but showed similar
yet attenuated associations with unnormalized hindered
diffusion compared to LCcngr from the rostral/middle LC.
Although the spatial pattern of association was similar,
ROIs surviving correction for multiple comparisons were
more restricted to anterior frontal and temporal cortices
(Supplemental Fig. S3).

Finally, we investigated whether significant asso-
ciations were specific to the LC or representative of
global neurodegeneration by examining association
with mean bilateral hippocampal volume. We found
widespread associations between hippocampal volume
and unnormalized hindered diffusion. However, when
including both hippocampal volume and rostral/middle
LCcnr In the same model, associations for each remained
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Fig. 1. Regional associations of LCcng with cortical macrostructure and microstructure. Locus coeruleus contrast-to-noise ratio (LCcng) was used as in
independent variable with cortical thickness or normalized RSI metrics as dependent variable across ROIs defined by the Desikan-Killiany atlas. Left
and right hemispheres were averaged for each ROI. Unthresholded t-value maps are presented on the left, and significant regions (P < 0.05) surviving
FDR-correction are presented on the right for each metric. Visualizations created with the R package ggseg (Mowinckel and Vidal-Pifieiro 2020).

Unthresholded p<0.05 FDR-corrected

¥ X 3

Hlndered Diffusion (Unnormalized)
Fig. 2. Regional associations of LCcyg With unnormalized hindered diffusion. Locus coeruleus contrast-to-noise ratio (LCcnr) was used as an independent
variable with unnormalized total hindered diffusion as dependent variable across ROIs defined by the Desikan-Killiany atlas. Left and right hemispheres
were averaged for each ROI Unthresholded t-value maps are presented on the left, and significant regions (P <0.05) surviving FDR-correction are
presented on the right for each metric. Visualizations created with the R package ggseg (Mowinckel and Vidal-Pifieiro 2020).

significant, indicating that these relationships were  cortical microstructure in multiple regions as indexed
independent of each other (Supplemental Fig. S4). by the RSI metrics of total hindered and free water signal
fractions. Assessing LC integrity is particularly relevant
for this sample of community-dwelling individuals in
early old age as this structure accrues abnormal tau
We found that higher LCcnr, a putative measure of  pathology early in life (Braak et al. 2011; Harley et al.
LC structural integrity, was related to differences in ~ 2021) and is highly affected throughout the course of

Discussion
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Table 1. Results of regression analyses testing associations between LCcenr and normalized restriction spectrum imaging measures.

Elman et al.

Region Estimate SE t-value P
Cortical thickness

Fusiform 0.114 0.049 2.316 0.021
Frontal pole 0.100 0.049 2.044 0.042
RSI: Total restricted diffusion

Rostral anterior cingulate —0.115 0.046 —2.516 0.012
Caudal anterior cingulate —0.106 0.048 —2.231 0.026
RSI: Total hindered diffusion

Medial orbitofrontal 0.158 0.048 3.262 0.001
Lateral orbitofrontal 0.155 0.048 3.252 0.001
Parahippocampal 0.145 0.049 2.950 0.003
Insula 0.135 0.047 2.895 0.004
Isthmus cingulate 0.135 0.048 2.822 0.005
Pars triangularis 0.132 0.048 2.777 0.006
Frontal pole 0.135 0.049 2.762 0.006
Fusiform gyrus 0.133 0.048 2.745 0.006
Pars orbitalis 0.131 0.048 2.707 0.007
Temporal pole 0.133 0.050 2.660 0.008
Inferior temporal 0.119 0.047 2.525 0.012
Caudal middle frontal 0.114 0.048 2.373 0.018
Superior temporal 0.107 0.046 2.330 0.020
Supramarginal 0.107 0.046 2.327 0.020
Entorhinal 0.110 0.049 2.224 0.027
Postcentral 0.100 0.047 2.124 0.034
Middle temporal 0.098 0.046 2.116 0.035
Precuneus 0.094 0.046 2.069 0.039
Superior frontal 0.096 0.047 2.063 0.040
Rostral middle frontal 0.094 0.047 1.998 0.046
RSI: Isotropic-free water

Medial orbitofrontal —0.155 0.048 —3.220 0.001
Lateral orbitofrontal —0.147 0.048 -3.077 0.002
Parahippocampal —0.142 0.048 —2.951 0.003
Frontal pole —0.143 0.049 —2.938 0.003
Pars triangularis -0.139 0.047 —2.936 0.004
Insula —-0.131 0.046 —2.820 0.005
Isthmus cingulate -0.125 0.048 —2.625 0.009
Caudal middle frontal -0.121 0.048 —2.535 0.012
Temporal pole —0.126 0.050 —2.532 0.012
Fusiform -0.117 0.048 —2.435 0.015
Supramarginal —0.109 0.046 —2.355 0.019
Inferior temporal —0.107 0.048 —2.243 0.025
Postcentral —0.108 0.048 —2.242 0.025
Superior temporal —0.103 0.047 —2.205 0.028
Pars orbitalis —-0.103 0.048 —2.144 0.033

Coefficients for the LCcnpg are listed below. Cortical thickness and normalized restriction spectrum imaging (RSI) metrics from each ROI were used as dependent
variables. RSI measures including total restricted, total hindered, and free water signal fractions. Left and right hemispheres were averaged for each ROI defined
by the Desikan-Killiany atlas. All nominally significant (P < 0.05) associations are presented. P-values surviving FDR-correction are highlighted in bold.

AD (Ehrenberg et al. 2017; Kelly et al. 2017; Theofilas
et al. 2017). Linking LCcnr to other neural correlates
provides important context to clarify whether individual
differences are benign or suggest the influence of
pathogenic processes. Microstructural differences were
found in regions overlapping with the fronto-parietal
and salience networks. The LC is densely connected
to these regions (Aston-Jones et al. 2002; Samuels and
Szabadi 2008), and prior studies have found that activity
in these regions is correlated with both activity in the
LC (Raizada and Poldrack 2007; Jacobs et al. 2018) and
with pupil dilation (Murphy et al. 2011; Murphy et al.
2014; Elman et al. 2017a), a physiological response tightly
linked to LC activity (Rajkowski et al. 1994; Gilzenrat et al.
2010).

Although the associations that survived correction are
more extensive for the hindered signal fraction than
free water, an inspection of the unthresholded results
makes it clear that the patterns are quite similar. Hin-
dered and restricted diffusion are often interpreted as
reflecting extra- vs intra-cellular compartments. This is
generally the case in white matter, but in gray matter it
may be more accurately interpreted as extra- vs intra-
neurite (White et al. 2013a; Palombo et al. 2020; Reas
etal. 2020). Thus, in gray matter, hindered diffusion likely
reflects signal from extra-cellular space, but also large
cell bodies, glia, astrocytes, and unmyelinated processes
through which water exchanges relatively freely. The
general finding in the current study is that higher LCcng
(greater structural integrity) is associated with a greater
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Table 2. Results of regression analyses testing associations between LCcnr and unnormalized hindered diffusion.

Region Estimate t-value P

RSI: Total hindered diffusion

Lateral orbitifrontal 0.196 0.045 4337 0.000
Medial orbitofrontal 0.199 0.047 4.261 0.000
Superior frontal 0.168 0.044 3.785 0.000
Pars orbitalis 0.165 0.044 3.783 0.000
Pars triangularis 0.154 0.044 3.534 0.000
Insula 0.146 0.044 3.297 0.001
Caudal middle frontal 0.150 0.046 3.248 0.001
Pars opercularis 0.134 0.044 3.039 0.003
Parahippocampal 0.145 0.049 2.978 0.003
Superior temporal 0.126 0.043 2.951 0.003
Transverse temporal 0.132 0.045 2.947 0.003
Rostral middle frontal 0.129 0.045 2.865 0.004
Isthmus cingulate 0.126 0.044 2.836 0.005
Rostral anterior cingulate 0.127 0.046 2.784 0.006
Paracentral 0.123 0.045 2.766 0.006
Caudal anterior cingulate 0.129 0.047 2.751 0.006
Precentral 0.122 0.045 2.704 0.007
Postcentral 0.117 0.046 2.574 0.010
Precuneus 0.102 0.040 2.530 0.012
Fusiform 0.108 0.044 2.472 0.014
Superior parietal 0.103 0.044 2.350 0.019
Supramarginal 0.104 0.044 2.338 0.020
Inferior temporal 0.098 0.043 2.311 0.021

Coefficients for the LCcnr are listed below. Unnormalized hindered diffusion from each ROI was used as the dependent variable. Left and right hemispheres were
averaged for each ROI defined by the Desikan-Killiany atlas. All nominally significant (P < 0.05) associations are presented. P-values surviving FDR-correction

are highlighted in bold.

signal fraction in the hindered compartment and corre-
sponding lower signal fraction from free water. Analysis
of unnormalized metrics suggest that this pattern of
results was primarily driven by differences in hindered
diffusion. This may suggest that greater rostral/middle
LC integrity is associated with greater microstructural
integrity in the cortex as reflected by more signal coming
from large cell bodies and glial cells. In contrast, lower LC
integrity may be associated with a breakdown in cytoar-
chitectural barriers and a subsequent encroachment of
surrounding CSF, resulting in a larger free water signal
fraction. In this case, differences in RSI metrics could be
considered to reflect subtle forms of atrophy that are
cumulatively expected to contribute to the macrostruc-
tural changes measured by cortical thickness. However,
longitudinal assessment will be necessary to determine
whether these differences reflect change in structure as
opposed to long-standing differences.

A recent study found that LCenr Was associated with
cortical thickness in a similar set of regions as those
found in the current study (Bachman et al. 2021). We did
not find significant associations with cortical thickness.
That may be due to the relatively younger age of our sam-
ple and truncated range at the high end, which would be
consistent with our hypothesis that dMRI might be more
sensitive to early changes than standard T1-weighted
images. Other studies have found that both conventional
and advanced diffusion metrics demonstrate age and
disease-related effects in the absence of or after adjust-
ing for effects detected by macrostructural measures
of cortical thickness and volume (Fellgiebel et al. 2006;

Scola et al. 2010; Douaud et al. 2013; Parker et al. 2018;
Vogt et al. 2020; Weston et al. 2020). In the VETSA sample
we found that cortical MD at baseline (mean age 56) pre-
dicted incident MCI 12 years later while cortical thickness
did not (Williams et al. 2021). Cortical thickness was asso-
ciated with prevalent MCI in that study, again suggest-
ing that dMRI detects microstructural differences that
precede macrostructural ones. Advanced diffusion tech-
niques have been found to be even more sensitive than
conventional DTT in detecting AD-related differences (Fu
et al. 2020). This may be due to the ability of methods
such as RSI to better characterize underlying architec-
tural features (e.g. by resolving crossing fibers and sepa-
rating diffusion compartments) that may otherwise com-
bine in ways that obscure subtle differences. However,
consistent with the Bachman et al. (2021) study, effects
among older adults were specific to more rostral portions
of the LC. Taken together, these findings suggest that
lower rostral/middle LCcnr 1s associated with structural
differences in connected brain regions. This may reflect
widespread neurodegenerative processes that affect the
brain more globally. We did find that hippocampal vol-
ume was also associated with hindered diffusion. How-
ever, these associations were independent of those with
the LC. Multiple factors likely contribute to individual
differences in cortical microstructure, and it may be
that the associations with hippocampal volume and LC
integrity reflect different underlying processes.
Although we do not have measures of AD pathology
(i.e. amyloid and tau), there is evidence to suggest that
lower LCcnp is linked to AD pathologic processes and not



solely a function of normal aging. Autopsy studies find
abnormal tau in the LC is common by midlife (Braak et al.
2011; Braak and Del Tredici 2011). LCcnr has been shown
to decline at older ages, but a recent study incorporating
imaging and autopsy data found that this can largely be
explained by the presence of AD pathology (Jacobs et al.
2021). We previously found that lower LCcnr is related to
increased odds of amnestic mild cognitive impairment
and lower memory performance (among other domains)
(Elman et al. 2021), and that diagnosis of amnestic mild
cognitive impairment is associated with higher AD poly-
genic risk (Logue et al. 2019). The study by Jacobs et al.
(2021) showed similar results, and further found that
this association was mediated by entorhinal cortex tau
burden. The authors of that study suggest that LCcnr
may serve as a proxy for early accumulation of abnormal
tau.

The association between LC integrity and cortical
microstructure may reflect correlated outcomes of a
common cause. It may also be that LC integrity indirectly
contributes to the integrity of cortical microstructure,
and these possibilities are not mutually exclusive. Such
a relationship is most likely to occur through increased
neuroinflammation and a decline in neuroprotective
processes (Robertson 2013; Mather and Harley 2016;
Weinshenker 2018; Giorgi et al. 2019). Disrupted function-
ing of the LC-NE system can promote the development
of core AD pathologies of amyloid (Heneka et al. 2006;
Kalinin et al. 2007; Jardanhazi-Kurutz et al. 2010; Chen
et al. 2014) and tau (Zhang et al. 2020). The LC may
confer neuroprotective effects against these pathologies
by expressing high levels of neuropeptides such as
somatostatin and galanin (Weinshenker and Holmes
2016; Paik et al. 2021). Additionally, activation of -
adrenergic receptors facilitates downstream activation
of the cAMP pathway which regulates expression of
inflammatory and growth factors such as BDNF that are
important for cell survival (Counts and Mufson 2010).
Thus, when levels of NE are depleted the inflammatory
response to AB and tau may become more toxic,
resulting in heightened neurodegeneration (Heneka et al.
2002; Jardanhazi-Kurutz et al. 2011; Chalermpalanupap
et al. 2017; Matchett et al. 2021). Elevated neuronal
activity across the lifespan may contribute to increased
release of AB (Jagust and Mormino 2011). The LC-
NE system acts as a neuromodulator that increases
efficiency of cortical activity. In the absence of proper
modulation, there may be inefficient processes requiring
heightened activity and a subsequent increase in
AB production. LC dysfunction thus contributes to
multiple processes with bidirectional relationships that
exacerbate each other and further neurodegenerative
processes.

There are several limitations that should be noted.
First, the VETSA is an all-male, primarily white sample;
results may not generalize to other samples. The lack
of female participants is potentially important because
estrogen is a key regulator of the LC-noradrenergic
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system, so LC dysfunction may have a larger impact in
women following menopause when estrogen levels drop
substantially (Luckey et al. 2021). This could potentially
explain the lack of association with cortical thickness;
however, the study by Bachman et al. (2021) did not find
that this association differed by sex. Further study inves-
tigating the modulatory impact of sex is important to
understanding the impacts of LC-noradrenergic system
dysfunction. Other studies have used different methods
to extract LCcnr, such as taking the maximum value
instead of mean from each ROI, and choosing the slice
with the maximum LCcngr instead of selecting based on
location. We found taking the maximum or mean value
of each ROI resulted in almost identical LCcngr. Selecting
slices based on peak LCcnr also resulted in similar, albeit
weaker associations. This may reflect variability in which
region is being examined across participants which,
given the apparent spatial specificity of effects in the LC,
could explain differences in the strength of subsequent
associations. These analyses are cross-sectional, so it
is possible that the associations found here represent
long-standing individual differences rather than the
products of neurodegenerative processes. The impact of
CSF partial voluming is of particular importance when
examining diffusion in cortical gray matter (Henf et al.
2018; Fukutomi et al. 2019). Our method of projecting
diffusion metrics using weighted averages of multiple
samples attenuates these effects to an extent. Yet,
because the normalized metrics are signal fractions
summing to 1, it is possible that associations with the
hindered component are driven by partial voluming
as reflected by increased free water signal fractions.
However, examining the unnormalized metrics provides
evidence that the results found here were driven pri-
marily by the hindered diffusion component. The source
of hindered diffusion signal is also less clear than the
restricted or free water compartments. It likely includes
signal from the extracellular space as well as large cell
bodies and glia. Additional histological evidence will be
needed to more accurately link differences in hindered
diffusion within cortical GM to specific cytoarchitectural
features.

Identifying early signs of declines in brain health
will be critical for efforts to prevent cognitive and
functional decline in aging and disease. This may be
particularly important for early identification of AD
given it high prevalence and early involvement of the LC.
Dysfunction of the LC-NE system may arise from global
neurodegenerative processes, but it can also contribute
to the progression of such processes through increased
inflammation and reduced neuroprotective effects.
Advanced diffusion techniques such as RSI may provide
sensitive measures necessary to detect subtle differences
in cortical microstructure that precede macrostructural
change. The association between these two measures
suggests these differences reflect neurodegenerative
processes and support their use in identifying age and
early disease-related decline in brain health.
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