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Cerebrospinal fluid and positron-emission
tomography biomarkers for noradrenergic
dysfunction in neurodegenerative diseases:
a systematic review and meta-analysis

(®Elisa Lancini,"? Lena Haag,'”? Franziska Bartl,” Maren Riihling,” Nicholas J. Ashton,>*>*
©®Henrik Zetterberg,”?>*'®"! ©Emrah Diizel,">'>'3 Dorothea Himmerer'>'2!34x
and Matthew ). Betts!'2!3#

* These authors contributed equally to this work.

The noradrenergic system shows pathological modifications in aging and neurodegenerative diseases and undergoes substantial neur-
onal loss in Alzheimer’s disease and Parkinson’s disease. While a coherent picture of structural decline in post-mortem and iz vivo
MRI measures seems to emerge, whether this translates into a consistent decline in available noradrenaline levels is unclear.

We conducted a meta-analysis of noradrenergic differences in Alzheimer’s disease dementia and Parkinson’s disease using CSF and
PET biomarkers.

CSF noradrenaline and 3-methoxy-4-hydroxyphenylglycol levels as well as noradrenaline transporters availability, measured with
PET, were summarized from 26 articles using a random-effects model meta-analysis.

Compared to controls, individuals with Parkinson’s disease showed significantly decreased levels of CSF noradrenaline and 3-meth-
oxy-4-hydroxyphenylglycol, as well as noradrenaline transporters availability in the hypothalamus. In Alzheimer’s disease dementia,
3-methoxy-4-hydroxyphenylglycol but not noradrenaline levels were increased compared to controls.

Both CSF and PET biomarkers of noradrenergic dysfunction reveal significant alterations in Parkinson’s disease and Alzheimer’s
disease dementia. However, further studies are required to understand how these biomarkers are associated to the clinical symptoms
and pathology.
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noradrenaline; norepinephrine; Alzheimer’s disease; Parkinson’s disease; locus coeruleus

AD = Alzheimer’s dementia; ADD = Alzheimer’s disease dementia; AIC = Akaike information criterion;
CI=confidence interval; CONTR =controls; H&Y =Hoehn and Yahr scale; HKS]=Hartung-Knapp-Sidik-Jonkman;
LC=Locus coeruleus; MDS-UPDRS = movement disorder society-sponsored revision of the unified Parkinson’s disease
rating scale; MeNer = (s, s)-11c-2-(a-(2-methoxyphenoxy)benzyl)morpholine; MMSE = mini-mental state examination;
NATs =noradrenaline transporters; PDParkinson’s disease; PRISMA = preferred reporting items for systematic reviews and
meta-analyses; RBD =rapid eye movement sleep behaviour disorder; SD =standard deviation; SMD = standardized mean
differences; UPDRS = unified Parkinson’s disease rating scale

Groups: Effect size:

CSF 3-methoxy-4-hydroxyphenylglycol
Parkinson (n = 257; n controls= 184)
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Parkinson (n = 132; n controls= 114)
All studies -0.51* -
Outliers removed -0.26 * *
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PET noradrenaline transporters availability

Hypothalamus
All studies -0.87 * -
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* = p<0.05 ** = p<0.01; n= sample size; PD= Parkinson’s disease Hedge's g
Int roduction degeneration in the LC can influence the function of other
brain areas directly via noradrenergic dysregulation and re-
Pathological alterations to the locus coeruleus (LC), a lated cognitive changes,® it can also lead to increased neu-
major source of noradrenaline (NA) in the brain, occur roinflammation and tau propagation, thereby likely

early in Alzheimer’s and Parkinson’s disease.'> While contributing to neurodegeneration in Alzheimer’s and
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Noradrenergic biomarkers in AD and PD

Parkinson’s disease.*™ Given the involvement of the nora-
drenergic system in neurodegenerative diseases, noradre-
nergic biomarkers could be an important complementary
tool to established pathological biomarkers and may pro-
vide new insights into the neuromodulatory underpinnings
of cognitive and behavioural symptoms. As a consequence,
MRI techniques that allow to characterize the integrity of
the LC in vivo’ have attracted a lot of interest in recent
years. Together with post-mortem evidence, substantial de-
generation to the LC has been observed in Alzheimer’s and
Parkinson’s disease.

In Alzheimer’s disease, tau accumulation in the LC pre-
cedes volume loss, with a decrease of more than 55% of
LC neurons during the progression from prodromal to severe
dementia.®” Neuronal loss may be more prominent in the
rostral/middle portion of the LC,”'” and has been shown
to correlate with decreased cognitive function,''™"® post-
mortem neuropathology® and reduced NA levels in the neo-
cortex and hippocampus.'*

In Parkinson’s disease and synucleinopathies, a-synuclein
containing Lewy bodies and neuronal cell loss in the LC”"*
may affect NA synthesis'® and precede degeneration to the
substantia nigra."'”'® A number of different clinical fea-
tures related to noradrenergic dysfunction have been ob-
served in Parkinson’s disease,” particularly non-motor
symptoms>® that may precede motor symptomatology and
become more prevalent with disease progression.”!

Clinical features related to noradrenergic dysfunction,
such as anxiety and depression, are risk factors for
Alzheimer’s disease and may underlie common non-motor
symptoms observed in Parkinson’s disease, and cognitive
functions most affected in aging depend in part on the nora-
drenergic system.

A variety of studies found a relation between age-related
noradrenergic system decline and episodic memory decline
as well as lower cognitive reserve in normal ageing as mea-
sured by structural imaging®**° and post-mortem assays.>"?
Corroborating this link between cognitive function and LC
degeneration, a recent study suggested that maintaining the
neural density of the LC-NA nuclei may prevent cognitive de-
cline in aging.'**® Furthermore, early clinical symptoms of
neurodegenerative diseases may originate from noradrenergic
dysfunction, such as sleep-wake cycle dysregulation, depres-
sion, anxiety, agitation,”*’ " impaired attention and mem-
ory,* suggesting that the integrity of the LC-NA system may
be critical for tracking the progression from healthy to patho-
logical aging.>!

Taking into account all of the above, noradrenergic dys-
function occurs in healthy aging and is amongst the earliest
signs of Alzheimer’s and Parkinson’s-like neuropathology.
Therefore, monitoring the status of the noradrenergic system
and levels of NA and its metabolites may be informative for
understanding the neural underpinnings of clinical symp-
toms and assessment of disease progression.

While a structural decline in LC seems to emerge as a con-
sistent phenomenon early on in Alzheimer’s and Parkinson’s
disease, it is unclear how this relates to NA availability.
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Moreover, post-mortem and in vivo studies indicate that
NA output might be upregulated potentially as a compensa-
tory mechanism following structural decline in the LC,**73¢
thus assessments of NA availability may help to understand
these effects further.

In this meta-analysis and systematic review, we aimed to
investigate the extent to which NA levels are affected in
Alzheimer’s and Parkinson’s disease using CSF and PET
markers of noradrenergic dysfunction. We review studies
reporting CSF measures of NA and its major metabolite
3-methoxy-4-hydroxyphenylglycol (MHPG)?” and those
using the PET radioligand 11C-MeNER (MeNER) that
binds to NA transporters (NATs), as a biomarker of NA
availability in the brain. We also aimed to assess to what ex-
tent NA levels are dependent on disease severity and con-
trasting analytical techniques.

Materials and methods

We searched PubMed for relevant English articles. Four
authors (E.L., M.R., L.H and F.B.) independently extracted
the relevant information and individually assessed the quality
of the evidence with robvis online bias tool (Supplementary
Fig. 1).>® In case of missing data, corresponding authors
were contacted and if no additional information was pro-
vided, data points were extrapolated from the article’s plots
using the online software WebPlotDigitalizer Version 4.4.%
Reviews and articles with previously published or unpub-
lished data were excluded (see Supplementary Methods for
more details).

Throughout the paper, we refer to the study participants
using the umbrella term Alzheimer’s disease-type dementia
(ADD) since the majority of studies reported did not confirm
presence of Alzheimer’s disease pathology. Additionally, PD
refers to idiopathic Parkinson’s disease and individuals with
Parkinson’s disease dementia. Among the studies included
in the meta-analysis, only k = 3*°"*? of k = 15 studies com-
paring between Alzheimer’s disease-type dementia clinical
group and controls (CONTR) assessed Alzheimer’s dis-
ease-type dementia pathology using amyloid (k=2*%%),
phospho-tau (k= 3*""*?) and total-tau (k =2*"*?); there-
fore, the absence of Alzheimer’s disease pathological mea-
sures was not used as an exclusion criterion. A detailed
flow diagram of the literature search and exclusion criteria
is shown in Fig. 1.

A total of 50 studies (CSF k =46, PET k = 4) reported ad-
equate data (mean and standard deviation) CSF MHPG,
CSF NA, or PET MeNER data for individuals with
Alzheimer’s disease-type dementia, Parkinson’s disease
and/or controls, or it was possible to extrapolate it from
plots or calculate it from median data. We refer to this group
of articles and related data as dataset 1. Of those articles,
26 studies (CSF k=13, PET k=3) reported a suitable
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Figure | Flow diagram representing articles selection and inclusion process according to the PRISMA guidelines. The data

collected for this review and meta-analysis is divided into two separate datasets. ‘Dataset |’ was composed of 50 studies (CSF k =46, PET k = 4).
Of those articles, 26 studies (CSF k =23, PET k = 3) report comparisons between controls and Alzheimer’s disease-type dementia (k= 15 for
CSF) and/or Parkinson’s disease (k = |3 for CSF, k = 3 for PET), referred to here as dataset 2. Information on all articles included in both groups can
be found in Supplementary Table |. Numbers of CSF and PET articles, respectively, are divided by a semi column. Flow Diagram adapted from:

Moher et al.*®. For more information, visit www.prisma-statement.org.

comparison between controls and Alzheimer’s disease-type
dementia (k=15 for CSF) and/or Parkinson’s disease
(k=13 for CSF, k=3 for PET) and adequate data (average
and standard deviation) for the calculation of the
meta-analysis, or it was possible to extrapolate it from plots
or calculate it from median data. We will refer to this sub-
group, in which the analysis of the effect size and thus the
meta-analysis was possible, as dataset 2. No studies using
PET MeNER in Alzheimer’s disease-type dementia were
found. All articles are included in a qualitative synthesis in
Supplementary Table 1.

Apart from the mean and standard deviations (SD) for
each study, in dataset 1 we also noted data concerning
other informative variables, namely sample size (1), analyt-
ical method used to evaluate the noradrenergic levels of

CSF (‘method’), volume of the CSF sample (‘csfvol’), age
(‘age’), years post diagnosis (‘ypd’), and disease severity
(‘severity’), based on the Hoehn and Yahr (H&Y) scores
for Parkinson’s disease group (mild = 1-2; moderate = 3;
severe =4-5) and Mini-Mental State Examination
(MMSE) scores for Alzheimer’ dementia group (normal
>24; mild = 21-24; moderate = 13-20; severe: < 12), only
if reported for the same number of participants who pro-
vided CSF data, with an accepted 5-participant deviation
range.

This review was performed according to the preferred re-
porting items for systematic reviews and meta-analyses
guidelines (PRISMA).** Further details on the search strat-
egy, review criteria and data extraction can be found in the
Supplementary Material. The review was not preregistered.
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Statistical analyses were carried out using R software (ver-
sion R 1386 3.4.2).** Only articles reporting comparisons
between either Alzheimer’s disease-type dementia or
Parkinson’s disease and a control group were included in
the meta-analyses. For every article, independent Welch’s
t-test was conducted to assess mean differences between con-
trol and Parkinson’s disease or Alzheimer’s disease-type de-
mentia groups. Then, the standardized mean differences
(SMD) were calculated with Hedge’s g, Cohen’s d effect
size corrected for small samples.** Finally, we performed a
random-effect mixed-model meta-analysis using the ‘meta-
gen’ function from the R package meta.*®

The levels of CSF NA and CSF MHPG were investigated in
both Alzheimer’s disease-type dementia (ADD NA and
ADD MHPG) and Parkinson’s disease (PD NA and PD
MHPG), compared to controls. Given limited data availability,
the levels of MeNER PET were measured only in Parkinson’s
disease compared to controls and only in the hypothalamus,
LC, median raphe, nucleus ruber and thalamus. Although
some articles included additional regions, only those mentioned
in more than one paper can be potentially included in a
meta-analysis. The estimation of the average true effect (u)
was calculated with a 95% confidence interval (CI) and the
between-study-variance using the tau-squared estimator (t2).
The heterogeneity across studies is a recognized issue in meta
analyses.*” To adjust for heterogeneity across studies i.e. differ-
ing sample sizes, the adjustment method of the CI proposed by
Hartung-Knapp-Sidik—Jonkman was used for the calculation
of the CI of the pooled effect size. Additionally, (i) statistical
outliers (studies whose 95% CI of effect sizes lies outside the
95% CI of the pooled effect) were identified using the R func-
tion ‘find.outliers” and (ii) potential influential cases (studies
whose exclusion from the analysis led to significant changes
in the fitted model*® as shown in Supplementary Fig. 2) were re-
moved from subsequent analyses. Regarding CSF measures, a
total of five studies (k = 5) were identified as outliers or influen-
tial cases and subsequently removed from further analyses
(ADD NA: k=2; PD NA: k=2, ADD MHPG: k=3; PD
MHPG: k=1, see also Supplementary Table 2). The
meta-analysis model was then re-calculated excluding the de-
tected outliers and influential cases, as evaluated by a
leave-one-out approach.*® In the PET studies, no outliers
were identified, and analysis of influential cases was not pos-
sible due to the small number of studies per brain region (k =2).

To assess for a potential influence of inter-study differences
in measurement methods and sample characteristics on the
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meta-analyses results, stepwise regression analyses were con-
ducted using the mean values reported from studies in ‘data-
set 1. Investigated variables in these regressions were (i)
study-related confounds (sample size, analytical method
used to evaluate the noradrenergic levels of CSF and volume
of the CSF sample) and where data were available, (ii) vari-
ables assumed to influence NA and MHPG levels within
study groups (age, years post diagnosis and disease severity).

Regressions on ‘dataset 2’ data were first conducted separ-
ately for each clinical group and noradrenergic outcome
measure, resulting in six separate regressions (ADD
MHPG, ADD NA, PD MHPG, PD NA, CONTR MHPG
and CONTR NA, model: ~# +‘method’ + ‘csfvol’ + ‘age’ +
‘severity’ + ‘ypd’). Within each group and noradrenergic
measure, the number of studies reporting each regressor
were assessed (ADD MHPG: ‘method’ k=25; ‘csfvol’
k =20; ‘age’ k=135, ‘severity’ k=4, ‘ypd’ k= 6; ADD NA:
‘method” k=16, ‘csfvol’ k=15, ‘age’ k=14, ‘severity’
k=09, ‘ypd’ k=5, CONTR NA: ‘method’ k=16, ‘csfvol’
k=14, ‘age’ k=15; PD MHPG: ‘method’ k=28, ‘csfvol’
k=22, ‘age’ k=18, ‘severity’ k=7, ‘ypd’ k=10; PD NA:
‘method” k=18, ‘csfvol’ k=17, ‘age’ k=11, ‘severity’
k =8, ‘ypd’ k=8; CONTR NA: ‘method’ k=22, ‘csfvol’
k=18, < age’ k=21). If data for a particular regressor
were not available for at least half of the studies within
each group, the regressor was removed from the regression
models for that group. See Supplementary Table 2 for an
overview of included regressors. In the included regressors,
missing values were replaced with the mean value of the vari-
able. The variables were centred and z-scored in order to al-
low comparison between variables measured on different
scales.

As there were six different methods and three groups, the
variables ‘method’ and ¢ group’ were summarized into fac-
tors using the ‘as.factor()’ function (see Supplementary
Fig. 3 for an example of the workflow on the ‘dataset 1’—
MHPG). All the other variables were treated as continuous
and entered as single regressor variables. For the control
groups (CONTR), the variables ‘severity’ and ‘ypd’ were re-
moved from the model as these were not applicable. Brain
pathology, as indicated by measures of CSF amyloid and
tau, could not be included as a regressor as they were only
reported in a few studies (k = 3*9*%).

Secondly, stepwise analysis was performed on the data col-
lapsed across groups and therefore divided only with respect
to the noradrenergic measures (NA and MHPG). These in-
cluded the variable € group’ (AD, PD and CONTR) as a factor
to control for known group mean differences: (model: ~# +
‘method’ + ‘csfvol’ + ‘group’ + ‘age’ + ‘severity’ + ‘ypd’) as
noted in Supplementary Table 5. Stepwise regressions were
performed using the R function ‘stepAIC()’, option direction
‘both’, that selects the most contributing regressors and re-
moves those who do not improve the model fit, using
Akaike information criterion (AIC).*” Each continuous vari-
able was entered as a single regressor. The levels (W) of
each factor variables ‘method’ and ‘group’, were dummy
coded using as a reference level ‘HPLC’ and ‘CONTR’,
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respectively, resulting in W-1 regressors each (see
Supplementary Fig. 3 for a detailed description).

Additional analyses using weighted means of ‘dataset 1’ can
be found in the Supplementary Material (Supplementary
Table 3, Supplementary Fig. 4 and Fig. 5).

The code for all analyses described is available and can be
downloaded at https:/github.com/Elisalancini/meta-analysis.

Results

The data collected for this review and meta-analysis are di-
vided into two separate datasets. We found a total of 50 stud-
ies (CSF k=46, PET k=4), referred to as ‘dataset 1’. Of
these, 26 reported differences in Alzheimer’s disease-type
dementia (k = 15) and Parkinson’s disease (k = 13 for CSF,
k=3 for PET) compared to controls, and compose the
‘dataset 2’.

Based on established interpretations of effect size magni-
tudes,”® we generally obtained small effects for the CSF
meta-analysis comparing CSF NA and MHPG levels between
either Alzheimer’s disease-type dementia/Parkinson’s disease
compared to controls (d=0.2), whilst for the PET
meta-analysis, comparing NATs density levels between
Parkinson’s disease and controls, effect sizes were in the me-
dium (d=0.5) to large (d = 0.9) range. A positive effect size
indicates higher levels in clinical groups compared to con-
trols, whilst a negative effect size indicates lower levels com-
pared to controls.

In line with degeneration to the noradrenergic system,
a significant reduction in CSF NA (=132, g=-0.26,
P=0.01), CSF MHPG (n=257, g=-0.27, P=0.006)
(Fig. 2) as well as PET MeNER binding in the hypotha-
lamus (=29, g=-0.87, P<0.05), was observed in
Parkinson’s disease compared with control subjects
(n=114 for NA, n=184 for MHPG and n =22 for PET,
respectively) (Fig. 3). In the PET MeNER meta-analysis,
other brain regions such as the LC (n=22, g=-0.51,
P=0.10), median raphe (=22, g=-0.02, P=0.95),
nucleus ruber (=22, g=-0.89, P=0.12) and thalamus
(n=22, g=-0.95, P=0.10) did not differ significantly in
NATSs density levels compared to controls. Exclusion of
Parkinson’s disease studies considered outliers from the
CSF analysis reduced the between-study heterogeneity
(I-squared) from 45.05% to 0.00% for NA and from
82.81% to 0.00% for MHPG (Supplementary Table 2),
leading to a change in the P-value of the pooled effect size
from 0.019 to 0.012 for NA and from 0.733 to 0.006 for
MHPG (Supplementary Table 2) following exclusion of
k =2 and k =1 studies, respectively.

In Alzheimer’s disease-type dementia, no significant differ-
ence in CSF NA levels (=194, g=-0.06, P=0.78) was
found, however a significant, yet small increase in CSF
MHPG (=229, g=0.29, P=0.04) was observed com-
pared to controls (=150 for NA, n=174 for MHPG,

E. Lancini et al.

respectively). No in vivo studies using PET MeNER in
Alzheimer’s disease were found, therefore no meta-analysis
was conducted for this clinical group. Exclusion of outliers
from the CSF analysis reduced the I-squared from 78.92%
to 67.87% for NA, and from 45.73% to 11.99% for
MHPG (Supplementary Table 2), leading to a change in
the P-value from 0.825 to 0.778 for NA and from 0.090 to
0.042 for MHPG, following exclusion of k=2 and k=3
studies, respectively (Supplementary Table 2).

Among the regression models, none of the full models
were significant (see Supplementary Table 4).

Significant reduced models were found for Parkinson’s
disease MHPG (P =0.018, Supplementary Table 35), as
well as the regressions on MHPG and NA combined across
groups (P = 0.003; P=0.032, Supplementary Table 3).
However, ANOVA analyses did not show any significant im-
provement in explained variance when the reduced models
were compared to the full models (see Supplementary Table 6).

A trend towards significance was observed in the
Alzheimer’s disease-type dementia NA and Parkinson’s dis-
ease NA group (P=0.058; P=0.059, Supplementary
Table 5).

The results of the fitted reduced regression models ob-
tained (Supplementary Table 5) taking each clinical group
and noradrenergic outcome measure showed that larger
sample sizes were related to higher CSF NA in Alzheimer’s
disease-type dementia (¢t=2.19, P=0.05), but not to CSF
MHPG, as the reduced model for Alzheimer’s disease-type
dementia CSF MHPG only included the volume of CSF,
and that older age was related to higher CSF NA (¢=2.40,
P =0.03) but not to CSF MHPG in the Parkinson’s disease
group (t=1.44, P =0.16) (See Table 1). Due to the amount
of missing data exceeding the threshold set for inclusion,
years post diagnosis (‘ypd’) could not be evaluated in any re-
gression, and disease severity could only be evaluated in
Alzheimer’s disease-type dementia NA, where it did not pre-
dict CSF NA levels significantly.

Among the data collapsed across groups and divided only
with respect to the noradrenergic measures (NA and
MHPG), sample size and age were positively related to
CSF MHPG levels (¢1=2.36, P=0.02; t=2.12, P=0.04)
while no such effect was observed for CSF NA (¢=1.77,
P=0.08;r=1.69, P=0.10).

Given the significant influence of age on NA levels in
Parkinson’s  disease, a further regression model
(Supplementary Table 4, section ~n+ ‘method’ + ‘csfvol’ +
‘age’*‘severity’ + ‘age’*‘ypd ’) was performed on both NA
and MHPG levels to explore the interaction between age
and thevariables ‘ severity’ and ‘years post diagnosis’, previ-
ously excluded due to their absence for more than half of
the participants. For both variables, NA and MHPG, the
interaction terms ‘age*severity’ and ‘age*ypd’ were added
to the full models. No collinearity between severity, years
post diagnosis and age was found for either NA or
MHPG CSF levels. The models were not significant
(Supplementary Table 4, P=0.21, P=0.48) and did not ex-
plain more variance compared to the full models without
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Figure 2 Meta-analysis results of NA and MHPG levels in CSF. The forest plot shows the effect sizes between Alzheimer’s disease-type
dementia and Parkinson’s disease compared to controls. The averaged effect size and 95% Cl is indicated by the black diamonds. The size of the
symbols indicates the pooled number of participants in each study. Significance levels are indicated by asterisks (*P < 0.05, ** P < 0.01, ***P <
0.001). The significance of a single study refers to the result of the Welch’s t-test between the means of the two groups analysed. Studies excluded
as outliers are indicated with the symbol 1. The studies were characterized on the basis of the analytical method used to evaluate CSF NA and
MHPG, as illustrated using different-shaped data points, where symptom severity was also differentially illustrated using different coloured data
points. Clinical severity was based on H&Y scores for Parkinson’s disease group (mild = |-2; moderate = 3; severe = 4-5) and MMSE scores for
Alzheimer’ dementia group (normal >24; mild = 21-24; moderate = 13-20; severe: < 12). GC = gas chromatography; H&Y = Hoehn and Yahr
scale; LC = liquid chromatography; MHPG = 3-methoxy-4-hydroxyphenylglycol; MMSE = mini-mental state examination; NA = noradrenaline;
RM = radioenzymatic methods.
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Figure 3 Meta-analysis results of PET MeNER binding in Parkinson’s disease and control groups. The forest plot shows the effect
sizes of the disease group compared to controls. The averaged effect size and 95% Cl is indicated by the black diamonds. The application of the
Hartung—Knapp-Sidik—Jonkman method (HKS]J) results in more conservative Cl, which might exceed the variance of the single studies when the
number of included studies is small and when standard errors vary considerably between them. The size of the symbols indicates the pooled
number of participants in each study. Significance levels are indicated by asterisks (*P < 0.05, ** P < 0.01, ***P < 0.00) for summarized as well as
individual studies. The significance of a single study refers to the result of the Welch’s t-test between the averages of the two groups analysed.
Cl = confidence interval; MeNER = (§, S)- 1 | C-2-(a-(2-methoxyphenoxy)benzyl)morpholine.

the interactions, as revealed by the ANOVA results (P =0.29;
P =0.90, Supplementary Table 7). None of the variables in
the models (7, ‘method LC-ED’ , ‘method MF, ‘method GC’
, ‘method GLC’, ‘method RM’, ‘csfvol’, ‘age’, ‘severity’,
‘ypd’, ‘age*severity’, ‘age*ypd’) were significant (Table 2).

Discussion

Our meta-analysis set out to quantify alterations to the nor-
adrenergic system in Alzheimer’s disease-type dementia and
Parkinson’s disease using CSF and PET measures of NA, NA
metabolites and NA transporter levels. Effect sizes of the
studies included in the meta-analyses (‘dataset 2°) were cal-
culated and pooled. Additionally, exploratory stepwise re-
gression analyses were conducted on ‘dataset 1’ (averages)
to investigate associations between CSF NA/MHPG mea-
sures and study-related confounds (sample size, analytical
method used to evaluate the noradrenergic levels of CSF
and volume of the CSF sample) or variables assumed to influ-
ence levels of NA and MHPG (age, years post diagnosis and

disease severity). We will interpret the results in light of the
current literature and discuss the methodological limitations
that should be considered when interpreting the results
obtained.

In the Parkinson’s disease groups, our observation of a
general decrease in noradrenergic measures is consistent
with previous literature™*'*? and with post-mortem studies
reporting a-synuclein containing Lewy bodies that affect NA
synthesis'® and/or neuronal cell loss in the LC.”>!'>178
General noradrenergic dysregulation is also implicated in
the occurrence of non-motor symptoms in Parkinson’s dis-
ease,”’ such as sleep disorders and autonomic dysfunction
that can occur prior to the onset of motor symptoms and be-
come more predominant as the disease progresses.”! The re-
sults on PET MeNER data show reduced binding in the
hypothalamus in Parkinson’s disease, and although binding
was reduced also in the LC, median raphe, nucleus ruber
and thalamus, these effects were not significant. This was
not entirely expected, as we anticipated that the LC and
raphe would also be significantly affected considering previ-
ous post-mortem studies reporting pathology and cell loss in
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Table | Stepwise regression analyses on ‘dataset I’—coefficients in the reduced models

Group Reduced Model

ADD_MHPG ~csfvol Intercept
csfvol
Intercept
n

age
severity
Intercept
n

age
Intercept
method RM
method LC-ED
age
Intercept
n
Intercept
n

csfvol
age
Intercept
n

age

ADD_NA ~n + age + severity

PD_MHPG ~n + age

PD_NA ~method + age

CONTR_MHPG ~n

MHPG ~n + csfvol + age

NA ~n +age

Stat. Sign. Coeff.

Est. Std.Err t-value Pr(>|t|)
10.149 1.455 6.976 0.000%#*
2.285 1.485 1.539 0.137
266.80 31.35 8.509 0.0007**
70.90 3238 2.189 0.049*
55.73 32.38 1.721 0.1109
—45.96 3238 —1.419 0.1813
11.243 1.999 5.625 0.000%#*
3.910 2.329 1.679 0.106
3.372 2.329 1.448 0.160
158.06 35.88 4.406 0.000%#*
128.56 65.95 1.949 0.071
159.15 90.48 1.759 0.100
71.34 29.65 2.406 0.030%
10.115 1.199 8.435 0.0007**
1.784 1.227 1.453 0.162
10.5475 0.9570 11.021 0.000%#*
2.3455 0.9946 2.358 0.021*
1.4250 0.9829 1.450 0.1515
2.1197 1.0007 2.118 0.038*
269.98 36.39 7418 0.000%**
67.70 3825 1.770 0.083
64.57 3825 1.688 0.098

The variables n and age significantly predict CSF NA (t=2.19, P=0.05; t =2.40, P = 0.03) in the Alzheimer’s disease and Parkinson’s disease group, respectively. Both variables were
significant predictors of MHPG (t = 2.36, P=0.02; t = 2.12, P = 0.04) across groups. ADD = Alzheimer’s disease dementia; Coeff = coefficient; ED = electrochemical detection; Est =
parameter estimates; LC = liquid chromatography; MHPG = 3-methoxy-4-ydroxyphenylglycol; n = Sample size; NA = noradrenaline; PD = Parkinson’s Disease; Pr(>|t|) = P-value
associated with the t statistic; RM = radioenzymatic methods; RP = reversed-phase; Stat.Sign.Coeff = statistically significant coefficient; Std.Err = standard error; UHPLC = ultra high
performance liquid chromatography. Significance levels are indicated by asterisks (*P < 0.05, ***P < 0.001).

these structures.'”'®°379¢ However, in the study of
Sommerauer et al.,’” which was also included in the PET
meta-analysis, a significant reduction in NATs density levels
were observed in individuals with Parkinson’s disease and
with rapid eye movement sleep behaviour disorder (RBD)
compared to individuals with Parkinson’s disease alone, in
both the LC and raphe. We did not include Parkinson’s dis-
ease RBD positive individuals in our meta-analysis to reduce
sample heterogeneity with the other study included, thus it
will be interesting in future studies to explore to what extent
the noradrenergic system is more severely affected in
Parkinson’s disease individuals with RBD compared to
Parkinson’s disease alone.’® Finally, it is conceivable that
the limited resolution of PET studies renders it difficult to re-
liably detect differences in small brainstem nuclei such as the
LC and raphe nucleus. Overall, our results in Parkinson’s
disease demonstrating decreased CSF NA and MHPG levels
compared to their control groups are consistent with the in-
creased degeneration of the noradrenergic system.?%!

To explore in more detail how the noradrenergic system
may be differentially related to motor and cognitive symp-
toms in Parkinson’s disease, future studies should assess
how CSF measures of NA and MHPG compare between in-
dividuals with Parkinson’s disease and Parkinson’s disease
dementia.

In the Alzheimer’s disease-type dementia group, we ob-
served increased CSF MHPG levels compared to controls,
while no differences were found for CSF NA levels.
Measures of MHPG levels obtained directly in the brain

tissue of individuals with Alzheimer’s disease show heteroge-
neous findings, with either increased, decreased®?*”>®° or un-
changed** MHPG levels compared to controls. However,
evidence from well-controlled animal studies suggest that
differences to the noradrenergic system observed in tissue
may be disconnected from those observed in extracellular le-
vels,>*3%¢1:62 and therefore also from CSF levels, which may
explain why some studies have found conflicting results.
However, the results reported here are consistent with a
number of CSF studies (Supplementary Table 1) that we
could not include in the meta-analysis (‘dataset 1°) as they
did not provide data in a format suitable for calculating ef-
fect sizes. Moreover, CSF MHPG, more than NA, seems to
be linked to Alzheimer’s disease brain pathology measures
i.e. phospho-tau, as animal studies have shown that a NA
O-methylation to MHPG is necessary for tau spreading.®
In the presence of amyloid and tau biomarkers, CSF
MHPG levels were found to improve diagnostic accuracy be-
tween Dementia with Lewy bodies/Parkinson’s disease de-
mentia and Alzheimer’s disease®! and to be significantly
linked to Alzheimer’s disease memory deficits,*” suggesting
CSF MHPG as a more sensitive measure than CSF NA in
the context of differential diagnosis of Alzheimer’s disease
and symptom characterization. While increased levels of
CSF MHPG thus appear to emerge as a consistent phenom-
enon in Alzheimer’s disease-type dementia, their occurrence
is as of yet not completely understood. It can be speculated
that the elevated CSF MHPG levels in the absence of signifi-
cant changes of CSF NA compared to controls could be due
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Table 2 Regression analyses on dataset | with additional interaction terms coefficients

Group Stat. Sign. Coeff. Est.

PD_MHPG Intercept 12.333
n 2611
method LC-ED 3.737
method MF —44.624
method GC —3.461
method GLC —23.880
csfvol 3.736
age 5.870
severity 5933
ypd 4.228
age* severity 9412
age* ypd 5.020

PD_NA Intercept 128.713
n —8.559
method LC-ED 205.982
method RM 185.784
csfvol 30.076
age 90.557
severity 38.585
ypd —7.809
age*severity —198.496
age*ypd -2316

Std.Err t-value Pr(>|t|)
2.892 4.264 0.000594++*
3.587 0.728 0.477173

11.341 0.329 0.746052
51.843 —-0.861 0.402089
26.520 —0.130 0.897799
16.270 —1.468 0.161562
3.522 1.060 0.304664
4.270 1.375 0.188225
9.209 0.644 0.528502
8.358 0.506 0.619799
16.634 0.566 0.579335
7.299 0.688 0.501489
54.928 2.343 0.0472%
39.928 -0.214 0.8356
127.914 1.610 0.1460
114.636 1.621 0.1438
59.731 0.504 0.6282
87.155 1.039 0.3292
47.864 0.806 0.4435
40.281 —0.194 0.8511
133.884 —1.483 0.1765
104.947 -0.022 0.9829

A further regression was performed on both NA and MHPG levels to explore the interaction between the variable ‘age’ and the variables ‘severity’ and ‘years post diagnosis’, previously
excluded due to their absence for more than half of the participants. For both variables, NA and MHPG, the tested regression model was then n + ‘method’ + ‘csfvol’ + ‘age’*‘severity’
+ ‘age’*'ypd’. Coeff = coefficient; ED = electrochemical detection; Est = parameter estimates; GC = gas chromatography; GLC = gas liquid chromatography; LC = liquid
chromatography; MF = mass fragmentography; MHPG = 3-methoxy-4-ydroxyphenylglycol; n = sample size; NA = noradrenaline; PD = Parkinson’s Disease; Pr(>|t|) = P-value
associated with the t statistic; RM = radioenzymatic methods; Stat.Sign.Coeff = statistically significant coefficient; Std.Err = standard error. Significance levels are indicated by asterisks

(*P < 0.05, **P < 0.001).

to a desynchronization between the amount of noradrenergic
production (NA) and breakdown (MHPG). Coupled with
the concurrent dysfunction of adrenergic receptors impli-
cated in cognitive functions,® this might lead to the exacer-
bation of the cognitive symptoms of Alzheimer’s disease, and
therefore be a more distinctive indicator than CSF NA for
Alzheimer’s disease-type dementia-related disease and dis-
ease progression.

It would be of interest in future studies to investigate dif-
ferences in MHPG and NA levels in participants with mild
cognitive impairment, to determine if noradrenergic dys-
function occurs early or during the transition between mild
cognitive impairment and Alzheimer’s disease.

The results of the exploratory regression analyses on ‘da-
taset 1’ show that NA measures were influenced by the sam-
ple size (1) in the Alzheimer’s disease-type dementia group,
with larger sample sizes being linked to higher CSF NA levels
in Alzheimer’s disease. At present it is difficult to interpret
this finding as we have currently not enough data to link sam-
ple sizes with disease severity or years post diagnosis, which
would be expected to influence CSF NA levels and likely vary
systematically with access to larger clinical cohorts. It sug-
gests, however, that future meta-analyses should aim to ex-
plore interindividual variability in CSF NA measures in
conjunction with differences across cohorts.

Furthermore, in the Parkinson’s disease group, increased
age was related to higher CSF NA levels. Correlations be-
tween noradrenergic levels and age in the literature report
mixed results, but considering the large-study sample size

(PD NA n=132; PD MHPG n=257) of this exploratory
analysis, these results can be considered a reliable indication
of a particular correlation between age and CSF NA present
in Parkinson’s disease. A larger sample size and age were also
found to be linked to higher CSF MHPG levels across groups
suggesting that the influence of these variables might be true
for MHPG levels across groups but were not observed within
each group separately. Without sufficient data on potential
mediators of this link, such as years post diagnosis and dis-
ease severity, these results are difficult to interpret but sug-
gest the importance of exploring interindividual differences
in CSF indicators of NA as well as their dependence on dis-
ease progression.

The absence of a relationship between the analytical meth-
od and the volume of CSF in the sample with both noradre-
nergic measures can be interpreted positively, as it could
suggest the absence of significant differences between the
protocols used by the laboratories, and thus good compar-
ability of CSF data reported in these studies.

Studies using identical datasets were removed when dupli-
cate samples were reported, however the origin of samples
from 41 studies was not reported so the removal of all dupli-
cate data cannot be fully ruled out. Only studies whose mean
and standard deviation are provided or calculable from other
descriptive measures were included in the study, and not all
studies reported this data necessary to calculate effect sizes
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(k=16). Additionally, in the Parkinson’s disease group, dis-
ease severity was typically reported using the H&Y scale,
however the Unified Parkinson Disease Rating Scale
(UPDRS) or the Movement Disorder Society-Sponsored
Revision of the Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) would have been more desirable measures
to assess associations with motor and non-motor symptom
severity.

Meta-analyses invariable have to contend with unknown
relevant aspects of the study samples. Among the included
studies reporting NA levels in Alzheimer’s disease, control
subjects in four studies were reported to have other co-
morbidities.®*®” Moreover, despite neurological and psy-
chiatric problems being ruled out, other diseases for which
controls were hospitalized (k = 4) might have influenced nor-
adrenergic levels. The stress ®® caused by hospitalization of
individuals with Alzheimer’s disease-type dementia and
Parkinson’s disease may have also influenced the results re-
ported in our meta-analysis. Also, the majority of studies
did not confirm absence of pathology in the control group,
thus the presence of preclinical Alzheimer’s disease cannot
be ruled out. Similarly, in studies that reported medication
status, participants were split into separate subgroups, how-
ever this information was not available for all studies. Whilst
the majority of studies reported no difference between medi-
cated versus unmedicated participants, we cannot entirely
rule out an effect of medication on group differences in
NA/MHPG.

There are also still open questions regarding the compar-
ability of MHPG and NA as biomarkers of noradrenergic
function. In contrast to NA, MHPG rapidly diffuses through
the blood-brain barrier® and blood—CSF barrier.”’ Thus
CSF MHPG levels might not directly correlate with central
noradrenergic metabolism.®” In this respect, we should be
prudent about indicating it as a pure index of central nora-
drenergic function and interpreting results as such. In this re-
gard, it is also interesting to investigate whether the
discrepancies we observed in MHPG levels between
Alzheimer’s disease-type dementia and Parkinson’s disease
clinical groups (higher in Alzheimer’s disease-type dementia,
lower in Parkinson’s disease) might in part be related to per-
ipheral MHPG differences between those clinical groups.

Furthermore, in order to facilitate the use of noradrenergic
biomarkers in the future, it will be important to understand
the relationship between levels in the CSF and blood more
thoroughly. Knowing whether and with which protocols
blood noradrenergic measures can be expected to approxi-
mate the levels in CSF, and to what degree they relate to nor-
adrenergic dysfunction in the brain, would facilitate the use
of such measurements in future studies since blood sampling
is a less invasive intervention and more easily tolerated by
study participants.

Finally, the definition of the Alzheimer’s disease-type de-
mentia group in the present study is quite broad as it also in-
cludes pathologically unconfirmed cases. As easily accessible
measures of Alzheimer’s disease pathology in blood/plasma
are a fairly recent scientific development (amyloid, phospho-
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tau and total-tau), most of the articles included in the ana-
lyses did not provide pathological confirmation, and exclu-
sion of these would have compromised the completeness of
the review and meta-analysis.

In Parkinson’s disease, future studies should aim to more
clearly distinguish between idiopathic and atypical
Parkinsonian syndromes and seek to understand how CSF
and PET biomarkers of noradrenergic dysfunction are re-
lated to pathology i.e. via assessment of alpha-synuclein le-
vels in CSF, and if and how those measures correlate with
RBD, a potential prodromal marker of Parkinson’s disease
that has been previously shown to be related to noradrener-
gic dysregulation.”'~"? For future studies in Alzheimer’s dis-
ease, the sample characterization should include CSF or
blood/plasma measures of phospho-tau, total-tau and amyl-
oid beta ratio 42/40 levels and include cognitive tests that are
more closely associated with the noradrenergic system i.e.
episodic memory’*”3 or response inhibition.”®"?

Future meta-analyses will hopefully be able to summarize
a sufficient number of studies with pathology measures, and
in order to ascertain to what extent they can explain the dif-
ferences in NA indicators we have observed in Alzheimer’s
disease-type dementia and Parkinson’s disease as compared
to healthy controls as well as the heterogeneity in NA indica-
tors observed across individuals with Parkinson’s disease/
Alzheimer’s disease-type dementia.

Conclusion

Determining how the noradrenergic system can be assessed
using CSF and PET measures will be beneficial for under-
standing how changes to this neuromodulatory system con-
tribute to the clinical manifestations of Alzheimer’s disease
and Parkinson’s disease. The opportunity to monitor the sta-
tus of the noradrenergic system using CSF and PET measures
may also aid in the early detection of pathological decline
and be useful for determining the efficacy of NA drugs in
clinical trials.

In this review and meta-analysis, we provided an overview
and quantitative assessment of noradrenergic differences re-
ported to date in aging, Alzheimer’s disease-type dementia
and Parkinson’s disease assessed in CSF and PET. Overall,
these results indicate that CSF measures of noradrenergic
dysfunction may be differently altered in both Alzheimer’s
disease and Parkinson’s disease. However, further studies
are required from pathologically (alpha-synuclein, phospho-
tau, total-tau and amyloid) and cognitively characterized co-
horts using medication and pathology-free, age-matched
control groups to elucidate how these measures correlate
with symptom severity and are influenced by Alzheimer’s dis-
ease and Parkinson’s disease pathology.

Supplementary material

Supplementary material is available at Brain Communications
online.

€20z 8unp 10 Uo Jasn JNZa usBumyuenig aAneseusbepoinap Jny wniusz sayosineq Aq 628260./S80PEOY/E/S/a01e/SWWooUIRIg/WOoo dnoolwepese//:sdiy Woll papeojumod


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad085#supplementary-data

12 | BRAIN COMMUNICATIONS 2023: Page 12 of 14

Acknowledgements

We thank Calida Pereira for the assistance with R scripting,
particularly with codes needed to generate the figures,
Valentin Baumann for providing useful suggestions on the
meta-regression models and Eleonora Cuboni for helping
with the conversion of CSF data.

Funding

E.L. and L.H. are supported by the Deutsche
Forschungsgemeinschaft ~ (DFG, German  Research
Foundation)—362321501/Research ~ Training  Group
(RTG) 2413 SynAGE.

M.].B. is supported by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)—Project-ID 425899996
—Sonderforschungsbereiche 1436 (SFB 1436), center for be-
havioral brain sciences (CBBS) NeuroNetzwerk 17 and by the
German Federal Ministry of Education and Research (BMBF,
funding code 01ED2102B) under the aegis of the EU Joint
Programme—Neurodegenerative Disease Research (JPND).

D.H. is supported by the Deutsche Forschungsgemeinschaft
(DFG, German  Research  Foundation)—Project-ID
425899996—Sonderforschungsbereiche 1436 (SFB 1436),
center for behavioral brain sciences (CBBS) NeuroNetzwerk
17 and the Alzheimer’s Research UK (ARUK) SRF2018B-004.

H.Z.is a Wallenberg Scholar supported by grants from the
Swedish Research Council (#2018-02532), the European
Research Council (#681712), Swedish State Support for
Clinical Research (#ALFGBG-720931), the Alzheimer
Drug Discovery Foundation (ADDF), USA
(#201809-2016862), the Alzheimer’s Disease Strategic
Fund and the Alzheimer’s Association
(#ADSF-21-831376-C, #ADSF-21-831381-C and
#ADSF-21-831377-C), the Olav Thon Foundation, the
Erling-Persson Family Foundation, Stiftelsen for Gamla
Tjanarinnor, Hjarnfonden, Sweden (#F02019-0228), the
European Union’s Horizon 2020 research and innovation
programme under the Marie Sktodowska-Curie grant agree-
ment No 860197 (MIRIADE), and the UK Dementia
Research Institute at the University College London (UCL).

E.D. has received financial support for his institution by
Deutsche  Forschungsgemeinschaft ~ (DFG,  German
Research Foundation)—Project-ID 425899996—
Sonderforschungsbereiche 1436 (SFB 1436), Human Brain
Project, Specific Grant Agreement 3 (SGA3), Deutsche
Forschungsgemeinschaft ~ (DFG, German  Research
Foundation)—Sonderforschungsbereiche 1315 (SFB 1315).

Competing interests

H.Z. served as scientific advisory boards and/or as a consult-
ant for Alector, FEisai, Denali, Roche Diagnostics, Wave,
Samumed, Siemens Healthineers, Pinteon Therapeutics,
Nervgen, AZTherapies, CogRx and Red Abbey Labs, from

E. Lancini et al.

which he received payments, has given lectures in symposia
sponsored by Cellectricon, Fujirebio, Alzecure and Biogen,
and is a co-founder of Brain Biomarker Solutions in
Gothenburg AB (BBS), which is a part of the GU Ventures
Incubator Program (outside submitted work), position for
which he receives financial support, and is chair of the
Alzheimer’s Association Global Biomarker Standardization
Consortium  and  the  Alzheimer’s  Association
Biofluid-Based Biomarker Professional Interest Area, free
of charge.

E.D. has received payments for his role and works as con-
sultant for Roche, Biogen, RoxHealth and expert testimony
for UCL Consultancy, served at scientific advisory boards for
EdoN Initiative and Ebsen Alzheimers Center (no payment)
and Roche (personal financial support), and is a co-founder
of the digital health start-up Neotiv.

EL., LH., D.H.,, M.J.B,, F.B., MR, and N.J.A. have
nothing to disclose.

References

1. Braak H, Tredici KD, Riib U, de Vos RAI, Jansen Steur ENH, Braak
E. Staging of brain pathology related to sporadic Parkinson’s dis-
ease. Neurobiol Aging. 2003;24(2):197-211.

2. Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K.
Staging of Alzheimer disease-associated neurofibrillary pathology
using paraffin  sections and immunocytochemistry. Acta
Neuropathol (Berl). 2006;112(4):389-404.

3. Sara SJ, Bouret S. Orienting and reorienting: The locus coeruleus
mediates cognition through arousal. Neuron. 2012;76(1):130-141.

4. Weinshenker D. Long road to ruin: Noradrenergic dysfunction in
neurodegenerative disease. Trends Neurosci. 2018;41(4):211-223.

5. Ehrenberg AJ, Suemoto CK, de Paula Franca Resende E, et al.
Neuropathologic  correlates of  psychiatric symptoms in
Alzheimer’s disease. | Alzheimers Dis. 2018;66(1):115-126.

6. Matchett BJ, Grinberg LT, Theofilas P, Murray ME. The mechanis-
tic link between selective vulnerability of the locus coeruleus and
neurodegeneration in Alzheimer’s disease. Acta Neuropathol
(Berl). 2021;141:631-650 .

7. Betts MJ, Cardenas-Blanco A, Kanowski M, Jessen F, Diizel E. In
vivo MRI assessment of the human locus coeruleus along its rostro-
caudal extent in young and older adults. Neurolmage. 2017;163:
150-159.

8. Kelly SC, He B, Perez SE, Ginsberg SD, Mufson EJ, Counts SE. Locus
coeruleus cellular and molecular pathology during the progression of
Alzheimer’s disease. Acta Neuropathol Commun. 2017;5(1):8.

9. Theofilas P, Ehrenberg AJ, Dunlop S, et al. Locus coeruleus volume
and cell population changes during Alzheimer’s disease progression:
A stereological study in human postmortem brains with potential
implication for early-stage biomarker discovery. Alzheimers
Dement. 2017;13(3):236-246.

10. Betts MJ, Cardenas-Blanco A, Kanowski M, et al. Locus coeruleus
MRI contrast is reduced in Alzheimer’s disease dementia and corre-
lates with CSF aB levels. Alzheimers Dement Diagn Assess Dis
Monit. 2019;11(1):281-285.

11. Mather M, Harley CW. The locus coeruleus: Essential for maintain-
ing cognitive function and the aging brain. Trends Cogn Sci. 2016;
20(3):214-226.

12. Sara S]J. The locus coeruleus and noradrenergic modulation of cog-
nition. Nat Rev Neurosci. 2009;10(3):211-223.

13. Wilson RS, Nag S, Boyle PA, et al. Neural reserve, neuronal density
in the locus ceruleus, and cognitive decline. Neurology. 2013;80-
(13):1202-1208.

€20z 8unp 10 Uo Jasn JNZa usBumyuenig aAneseusbepoinap Jny wniusz sayosineq Aq 628260./S80PEOY/E/S/a01e/SWWooUIRIg/WOoo dnoolwepese//:sdiy Woll papeojumod



Noradrenergic biomarkers in AD and PD

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lyness S. Neuron loss in key cholinergic and aminergic nuclei in
Alzheimer disease: A meta-analysis. Neurobiol Aging. 2003;24(1):1-23.
German DC, Manaye KF, White CL, et al. Disease-specific patterns
of locus coeruleus cell loss. Ann Neurol. 1992;32(5):667-676.
Tabrez S, Jabir N R, Shakil S, et al. A synopsis on the role of tyrosine
hydroxylase in Parkinson’s disease. CNS Newurol Disord Drug
Targets. 2012;11(4):395-409.

Seidel K, Mahlke J, Siswanto S, et al. The brainstem pathologies of
Parkinson’s disease and dementia with Lewy bodies: The brainstem
in iPD and DLB. Brain Pathol. 2015;25(2):121-135.

Zarow C, Lyness SA, Mortimer JA, Chui HC. Neuronal loss is
greater in the locus Coeruleus than nucleus Basalis and substantia
Nigra in Alzheimer and Parkinson diseases. Arch Neurol. 2003;
60(3):337.

Halliday GM, Holton JL, Revesz T, Dickson DW. Neuropathology
underlying clinical variability in patients with synucleinopathies.
Acta Neuropathol (Berl). 2011;122(2):187-204.

Chaudhuri KR, Schapira AH. Non-motor symptoms of Parkinson’s
disease: Dopaminergic pathophysiology and treatment. Lancet
Neurol. 2009;8(5):464-474.

Schapira AHV, Chaudhuri KR, Jenner P. Non-motor features of
Parkinson disease. Nat Rev Neurosci. 2017;18(7):435-450.

Liu KY, Acosta-Cabronero J, Cardenas-Blanco A, et al. In vivo visu-
alization of age-related differences in the locus coeruleus. Newurobiol
Aging. 2019;74:101-111.

Dahl MJ, Mather M, Diizel S, et al. Rostral locus coeruleus integrity
is associated with better memory performance in older adults. Naz
Hum Behav. 2019;3(11):1203-1214.

Himmerer D, Callaghan MF, Hopkins A, et al. Locus coeruleus in-
tegrity in old age is selectively related to memories linked with sali-
ent negative events. Proc Natl Acad Sci. 2018;115(9):2228-2233.
Clewett DV, Lee TH, Greening S, Ponzio A, Margalit E, Mather M.
Neuromelanin marks the spot: Identifying a locus coeruleus bio-
marker of cognitive reserve in healthy aging. Neurobiol Aging.
2016;37:117-126.

Wilson RS, Boyle PA, Yu L, Barnes LL, Schneider JA, Bennett DA.
Life-span cognitive activity, neuropathologic burden, and cognitive
aging. Neurology. 2013;81(4):314-321.

Benarroch EE. Locus coeruleus. Cell Tissue Res. 2018;373(1):
221-232.

Herrmann N. The role of norepinephrine in the behavioral and psy-
chological symptoms of dementia. | Neuropsychiatry. 2004;16(3):
261-276.

Lanctot KL, Amatniek ], Ancoli-Israel S, et al. Neuropsychiatric
signs and symptoms of Alzheimer’s disease: New treatment para-
digms. Alzbeimers Dement Transl Res Clin Interv. 2017;3(3):
440-449.

Theofilas P, Dunlop S, Heinsen H, Grinberg LT. Turning on the
light within: Subcortical nuclei of the isodentritic core and their
role in Alzheimer’s disease pathogenesis. | Alzheimers Dis. 2015;
46(1):17-34.

Marien MR, Colpaert FC, Rosenquist AC. Noradrenergic mechan-
isms in neurodegenerative diseases: A theory. Brain Res Rev. 2004;
45(1):38-78.

Palmer AM, Francis PT, Bowen DM, et al. Catecholaminergic neu-
rones assessed ante-mortem in Alzheimer’s disease. Brain Res.
1987;414(2):365-375.

Palmer AM, Wilcock GK, Esiri MM, Francis PT, Bowen DM.
Monoaminergic innervation of the frontal and temporal lobes in
Alzheimer’s disease. Brain Res. 1987;401(2):231-238.

Hughes ZA, Stanford SC. A partial noradrenergic lesion induced by
DSP-4 increases extracellular noradrenaline concentration in rat
frontal  cortex: A microdialysis  study  in
Psychopharmacology (Berl). 1988;5:299-303.
Abercrombie E, Zigmond M. Partial injury to central noradrenergic
neurons: Reduction of tissue norepinephrine content is greater than
reduction of extracellular norepinephrine measured by microdialy-
sis. | Neurosci. 1989;9(11):4062-4067.

vivo.

36.

37.

38.

39.

40

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
S1.

52.

53.

54.

55.

Sé.

57.

BRAIN COMMUNICATIONS 2023: Page 13 of 14 | 13

Gannon M, Wang Q. Complex noradrenergic dysfunction in
Alzheimer’s disease: Low norepinephrine input is not always to
blame. Brain Res. 2019;1702:12-16.

Kurita M, Nishino S, Numata Y, Okubo Y, Sato T. The noradrenaline
metabolite MHPG is a candidate biomarker between the depressive,
remission, and manic states in bipolar disorder I: Two long-term nat-
uralistic case reports. Neuropsychiatr Dis Treat. 2015;11:353-358.
McGuinness LA, Higgins JPT. Risk-of-bias VISualization (robvis):
An R package and shiny web app for visualizing risk-of-bias assess-
ments. Res Synth Methods. 2020;12:55-61.

Rohatgi A. WebPlotDigitizer. Published online November 2020.
https:/automeris.io/WebPlotDigitizer

. Jacobs HIL, Riphagen JM, Ramakers IHGB, Verhey FR]J.

Alzheimer’s disease pathology: Pathways between central norepin-
ephrine activity, memory, and neuropsychiatric symptoms. Mol
Psychiatry. 2019;26:897-906.

Herbert MK, Aerts MB, Kuiperij HB, et al. Addition of MHPG to
Alzheimer’s disease biomarkers improves differentiation of demen-
tia with Lewy bodies from Alzheimer’s disease but not other demen-
tias. Alzheimers Dement. 2014;10(4):448--455.¢€2.

Janssens J, Vermeiren Y, Fransen E, et al. Cerebrospinal fluid and
serum MHPG improve Alzheimer’s disease versus dementia with
Lewy bodies differential diagnosis. Alzheimers Dement Diagn
Assess Dis Monit. 2018;10:172-181.

Moher D, Liberati A, Tetzlaff ], Altman DG. Preferred reporting
items for systematic reviews and meta-analyses: The PRISMA state-
ment. Res Methods. 2009;3:e123-e130.

R Core Team. R: A language and environment for statistical ##
computing. Published online 2017. https:/www.R-project.org/
Lakens D. Calculating and reporting effect sizes to facilitate cumu-
lative science: A practical primer for t-tests and ANOVAs. Front
Psychol. 2013;4:863.

Viechtbauer W. Conducting meta-analyses in R with the metafor
package. | Stat Softw. 2010;36:3.

Olkin I, Dahabreh IJ, Trikalinos TA. GOSH—A graphical display
of study heterogeneity: All-subsets meta-analysis for heterogeneity.
Res Synth Methods. 2012;3(3):214-223.

Efron B. The Jackknife, the Bootstrap, and Other Resampling Plans.
Society for Industrial and Applied Mathematics. 1982.

Cavanaugh JE, Neath AA. The Akaike information criterion:
Background, derivation, properties, application, interpretation,
and refinements. WIREs Comput Stat. 2019;11(3).

Cohen J. QUANTITATIVE METHODS IN PSYCHOLOGY. 5.
Goldstein DS. Biomarkers, mechanisms, and potential prevention of
catecholamine neuron loss in Parkinson disease. Adv Pharmacol.
2013;68:235-272.

Eldrup E, Mogensen P, Jacobsen J, Pakkenberg H, Christensen NJ.
CSF And plasma concentrations of free norepinephrine, dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC), 3,4-dihydroxy phenyl-
alanine (DOPA), and epinephrine in Parkinson’s disease. Acta
Neurol Scand. 2009;92(2):116-121.

Giguere N, Burke Nanni S, Trudeau LE. On cell loss and selective
vulnerability of neuronal populations in Parkinson’s disease.
Front Neurol. 2018;9:455.

Chan-Palay V, Asan E. Alterations in catecholamine neurons of the
locus coeruleus in senile dementia of the Alzheimer type and in
Parkinson’s disease with and without dementia and depression. |
Comp Neurol. 1989;287(3):373-392.

Halliday GM, Li YW, Blumbergs PC, et al. Neuropathology of im-
munohistochemically identified brainstem neurons in Parkinson’s
disease. Ann Neurol. 1990;27(4):373-385.

Del Tredici K, Braak H. Dysfunction of the locus coeruleus-
norepinephrine system and related circuitry in Parkinson’s disease-related
dementia. | Neurol Neurosurg Psychiatry. 2013;84(7):774-783.
Sommerauer M, Hansen AK, Parbo P, et al. Decreased noradren-
aline transporter density in the motor cortex of Parkinson’s disease
patients: Cortical noradrenaline transporter. Mov Disord. 2018;
33(6):1006-1010.

€20z 8unp 10 Uo Jasn JNZa usBumyuenig aAneseusbepoinap Jny wniusz sayosineq Aq 628260./S80PEOY/E/S/a01e/SWWooUIRIg/WOoo dnoolwepese//:sdiy Woll papeojumod


https://automeris.io/WebPlotDigitizer
https://www.R-project.org/

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

| BRAIN COMMUNICATIONS 2023: Page 14 of |4

Nahimi A, Kinnerup MB, Sommerauer M, Gjedde A, Borghammer
P. Molecular imaging of the noradrenergic system in idiopathic
Parkinson’s disease. Int Rev Neurobiol. 2018;141:251-274.

Cross AJ, Crow TJ, Johnson JA, et al. Monoamine metabolism in se-
nile dementia of Alzheimer type. | Neurol Sci. 1983;60(3):383-392.

Gottfries CG, Adolfsson R, Aquilonius SM, et al. Biochemical
changes in dementia disorders of Alzheimer type (AD/SDAT).
Neurobiol Aging. 1983;4(4):261-271.

Kask A, Harro J, Tuomainen P, Rigo L, Minnisto PT. Overflow of
noradrenaline and dopamine in frontal cortex after
[N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine] (DSP-4) treat-
ment: In vivo microdialysis study in anaesthetized rats: Naunyn
schmiedebergs. Arch Pharmacol. 1997;355(2):267-272.

Ventura R, Cabib S, Alcaro A, Orsini C, Puglisi-Allegra S.
Norepinephrine in the prefrontal Cortex is critical for
amphetamine-induced reward and mesoaccumbens dopamine re-
lease. | Neurosci. 2003;23(5):1879-1885.

Koppel J, Jimenez H, Adrien L, Chang E H, Malhotra AK, Davies P.
Increased tau phosphorylation follows impeded dopamine clear-
ance in a P301L and novel P301L/COMT-deleted (DM) tau mouse
model. | Neurochem. 2019;148(1):127-135.

Martignoni E, Bono G, Blandini F, Sinforiani E, Merlo P, Nappi G.
Monoamines and related metabolite levels in the cerebrospinal fluid
of patients with dementia of Alzheimer type. Influence of treatment
with L-deprenyl. | Neural Transm Park Dis Dement Sect. 1991;
3(1):15-25.

Martignoni E, Blandini F, Petraglia F, Pacchetti C, Bono G, Nappi
G.  Cerebrospinal  fluid  norepinephrine,  3-methoxy-4-
hydroxyphenylglycol and neuropeptide Y levels in Parkinson’s dis-
ease, multiple system atrophy and dementia of the Alzheimer type. |
Neural Transm Park Dis Dement Sect. 1992;4(3):191-205.

Tohgi H, Ueno M, Abe T, Takahashi S, Nozaki Y. Concentration of
monoamines and their metabolites in the cerebrospinal fluid from
patients with senile dementia of the Alzheimer type and vascular de-
mentia of the binswanger type. | Neural Transm Park Dis Dement
Sect. 1992;4(1):69-77.

Stefani A, Olivola E, Liguori C, et al. Catecholamine-Based treat-
ment in AD patients: Expectations and delusions. Front Aging
Neurosci. 2015;7:67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

E. Lancini et al.

Glavin GB. Stress and brain noradrenaline: A review. Neurosci
Biobehav Rev. 1985;9(2):233-243.

Kessler JA, Fenstermacher JD, Patlak CS. 3-Methoxy-4-
hydroxyphenylethyleneglycol (MHPG) transport from the spinal
cord during spinal subarachnoid perfusion. Brain Res. 1976;
102(1):131-141.

Kopin IJ, Gordon EK, Jimerson DC, Polinsky R]. Relation between
plasma and cerebrospinal fluid levels of 3-methoxy-4-
hydroxyphenylglycol. Science. 1983;219(4580):73-75.

Mehta R, Giri S, Mallick BN. REM Sleep loss-induced elevated nor-
adrenaline could predispose an individual to psychosomatic disor-
ders: A review focused on proposal for prediction, prevention,
and personalized treatment. EPMA J. 2020;11(4):529-549.
Postuma RB, Gagnon JF, Bertrand JA, Génier Marchand D,
Montplaisir JY. Parkinson Risk in idiopathic REM sleep behavior
disorder: Preparing for neuroprotective trials. Neurology. 2015;
84(11):1104-1113.

Tekriwal A, Kern DS, Tsai J, et al. REM Sleep behaviour disorder:
Prodromal and mechanistic insights for Parkinson’s disease. |
Neurol Neurosurg Psychiatry. 2017;88(5):445-451.

Hauser TU, Eldar E, Purg N, Moutoussis M, Dolan R]J. Distinct
roles of dopamine and noradrenaline in incidental memory. |
Neurosci. 2019;39(39):7715-7721.

Yebra M, Galarza-Vallejo A, Soto-Leon V, et al. Action boosts epi-
sodic memory encoding in humans via engagement of a noradrener-
gic system. Nat Commun. 2019;10(1):3534.

Bari A, Xu S, Pignatelli M, et al. Differential attentional con-
trol mechanisms by two distinct noradrenergic coeruleo-
frontal cortical pathways. Proc Natl Acad Sci. 2020;117(46):
29080-29089.

Chamberlain SR. Neurochemical modulation of response inhibition
and probabilistic learning in humans. Science. 2006;311(5762):
861-863.

Tomassini A, Hezemans FH, Ye R, Tsvetanov KA, Wolpe N, Rowe
JB. Prefrontal cortical connectivity mediates locus Coeruleus nora-
drenergic regulation of inhibitory control in older adults. |
Neurosci. 2022;42(16):3484-3493.

Holland N, Robbins TW, Rowe JB. The role of noradrenaline in
cognition and cognitive disorders. Brain. 2021;144(8):2243-2256.

€20z 8unp 10 Uo Jasn JNZa usBumyuenig aAneseusbepoinap Jny wniusz sayosineq Aq 628260./S80PEOY/E/S/a01e/SWWooUIRIg/WOoo dnoolwepese//:sdiy Woll papeojumod



	Cerebrospinal fluid and positron-emission tomography biomarkers for noradrenergic dysfunction in neurodegenerative diseases: a systematic review and meta-analysis
	Introduction
	Materials and methods
	Search strategy, selection criteria and included studies
	Random-effect mixed-model meta-analysis assessing group differences in noradrenaline levels across studies (‘dataset 2’)
	Stepwise regression analyses to assess for inter-study heterogeneity (‘dataset 1’)
	Data availability

	Results
	Discussion
	Study limitations

	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	References




