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Abstract

Although schizophrenia is associated with increased presynaptic dopamine function in the
striatum, it remains unclear if neuromelanin levels, which are thought to serve as a biomarker for
midbrain dopamine neuron function, are increased in patients with schizophrenia. We conducted
a systematic review and meta-analysis of magnetic resonance imaging (MRI) and postmortem
studies comparing neuromelanin (NM) levels between patients with schizophrenia and healthy
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controls (HCs). Standard mean differences were calculated to assess group differences in NM
accumulation levels between patients with schizophrenia and HCs. This study included 7 articles
in total. Five studies employed NM-sensitive MRI (NM-MRI) and two were postmortem brain
studies. The patient group (n = 163) showed higher NM levels in the substantia nigra (SN) than
HCs (n = 228) in both the analysis of the seven studies and the subgroup analysis of the 5 NM-
MRI studies. This analysis suggest increased NM levels in the SN may be a potential biomarker
for stratifying schizophrenia, warranting further research that accounts for the heterogeneity of this
disorder.
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1. Introduction

Schizophrenia is a chronic mental disorder, characterized by positive symptoms like
delusions and hallucinations, negative symptoms including amotivation and social
withdrawal, and cognitive impairments such as deficits in working memory, executive
function and processing speed (McCutcheon et al., 2020), which affects roughly 1 % of

the world’s population (Saha et al., 2005). Antipsychotics, which act as antagonists at
dopamine Dy, receptors to varying degrees, have played a pivotal role in the treatment

of schizophrenia (Seeman, 2010). The discovery of antipsychotics led to the “dopamine
(DA) hypothesis of schizophrenia” (Howes and Kapur, 2009), proposing that a striatal
hyperdopaminergic state may underlie the pathophysiology of schizophrenia. Supporting
this hypothesis, meta-analyses of positron emission tomography (PET) studies have shown
elevation of presynaptic dopamine function including endogenous DA (Abi-Dargham et al.,
2000; Caravaggio et al., 2015), as well as DA synthesis and release (Howes et al., 2007), in
the dorsal and associative striatum of patients with schizophrenia in comparison with healthy
controls (HCs). Nevertheless, PET has limited feasibility in clinical settings for psychiatry
because of its invasive nature and cost.

In this context, neuromelanin (NM) sensitive MRl (NM-MRI) has emerged as a non-invasive
approach to indirectly measure dopamine function in the mesostriatal pathways. NM is a
product of monoamine neurotransmitter synthesis and can be found in various regions such
as substantia nigra (SN), ventral tegmental area (VTA), locus coeruleus (LC). In particular,
it is synthesized via iron-dependent oxidation of cytosolic DA and stored in the body

of midbrain DA neurons. NM is accumulated over the lifespan of the neuron, and only
disappears upon neuronal death. Thus, it has been established that NM concentration may
serve as a marker of DA synthesis in the midbrain (Zecca et al., 2008). The pigmentation
of neuronal melanin in the SN was first documented macroscopically by JE Purkyne in
1837 (Purkinje, 1837). Advances in MRI technology have allowed the development of scan
sequences sensitive to the concentration of NM (i.e., NM-MRI) (Sasaki et al., 2006). This
technique has already been applied and validated for diagnostic purposes in Parkinson’s
disease (Bae et al., 2021; Martin--Bastida et al., 2017). Research has shown that patients
with Parkinson’s disease present with reduced NM in the SN (Hatano et al., 2017; Isaias
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et al., 2016; Reimao et al., 2015; Sasaki et al., 2006; Takahashi et al., 2018; Wang et al.,
2019, 2018) and LC (Reimdo et al., 2015; Sasaki et al., 2006) compared to HCs. Particularly,
the diagnostic accuracy of NM-MRI for Parkinson’s disease distinguishing from controls
has been demonstrated in the SN with 0.88-0.94 of high area under the curve (AUC)
(Castellanos et al., 2015; Ogisu et al., 2013). Given the role of DA signaling abnormalities in
the pathophysiology of schizophrenia, the application of NM-MRI in psychosis has recently
gained attraction (Cassidy et al., 2019; Sasaki et al., 2010; Shibata et al., 2008; Watanabe et
al., 2014; Yamashita et al., 2016). In contrast to Parkinson’s disease, since schizophrenia is
associated with elevated presynaptic DA synthesis in the striatum where DA neurons from
the SN project, it has been hypothesized that patients with schizophrenia would demonstrate
higher NM levels in the SN in comparison with HCs. Recently, a proof-of-concept study
integrating MRI and postmortem imaging of NM, as well as PET measured DA function,
concluded that schizophrenia was associated with elevated NM concentrations in SN, which
was further substantiated by a correlation between symptom severity and NM-MRI signal
(Cassidy et al., 2019).

The aim of the current work is to synthesize the previous literature on the use of NM-MRI
in schizophrenia to establish the degree of convergence within the field. For this purpose,
we conducted a systematic review and meta-analysis. We hypothesized that published data
would converge in showing that individuals with schizophrenia would show higher levels of
NM accumulation in the SN compared to controls. We also explored the influences of age,
sex, and antipsychotic treatment on group differences in the levels of regional NM.

2. Methods

The study protocol was uploaded to the International Prospective Register of Systematic
Reviews website (CRD42021267591). We have followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis 2020 statement (Page et al., 2021).

2.1. Study search

A systematic search of the literature was conducted to identify case-control studies
comparing the pigmentation of NM between patients with schizophrenia and healthy
individuals. The search was conducted using PubMed (1966 to August 15, 2021) and
Embase (1947 to August 15, 2021). The search terms were: (neuromelanin or NM) AND
(schizophreni* or schizoaffective or psychosis or psychotic). Only original articles in
English were included for the purpose of this study. The literature search was performed by
the authors FU and SN. We assessed the quality of the original studies using the Newcastle-
Ottawa Quality Assessment Scale, as arranged for cross-sectional study designs. Using this
scale, studies are rated on 0-6 stars, with a higher number of stars indicating higher study
quality. Conflicts during these procedures were resolved through discussion with a third
author (AG-G).

2.2. Statistical analyses

All the statistical analyses were carried on with R version 4.0.2 (Ihaka and Gentleman,
1996). The outcome of interest was NM levels quantified with any methods, which was
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compared between patients and HCs using the standardized mean difference (SMD). If the
result was reported at the median and quartile deviation in an original study, they were
converted to the mean and standard deviation based on the Box-Cox method (McGrath et al.,
2020b) to estimate the SMD with the package “estmeansd” version 0.2.1 in R (McGrath et
al., 2020a). If the exact values of NM levels were not available, relevant data were extracted
from graphs using the web-based tool “WebPlotDigitizer” version 4.4 (Rohatgi, 2020). SMD
and two-sided 95 % confidence intervals (Cls) were chosen as the summary statistic for

the meta-analysis. The meta-analysis in a fixed-effect model was performed using the R
package “metafor” version 2.4-0 (Viechtbauer, 2010). The regions of interest (ROIs) were
chosen as follows: (1) SN, (2) LC, and (3) ventral tegmental area (VTA). If there were

four or fewer studies on one ROI, the ROI was not included in the analysis. We assessed
heterogeneity among studies using the /2 statistic with 2 = 50 % indicating significant
heterogeneity (Higgins et al., 2003). We intended but failed to assess the publication bias
due to an insufficient number of included studies. To differentiate abilities to detect levels

of NM accumulation between NM-MRI and other ex-vivo methods, subgroup analyses
based on the study method were performed. Sensitivity analyses were conducted using

the leave-one-out method. A meta-regression in a mixed-effects model was used to assess
the relationship between moderators and the effect size of NM accumulation between
patients and controls as a dependent variable. In the meta-regression, “average age among
participants”, “male ratios among participants”, “average chlorpromazine (CPZ) equivalent
dose of antipsychotics”, “symptom severity with Positive and Negative Syndrome Scale
(PANSS) total scores (Kay et al., 1987)” in which Brief Psychiatric Rating Scale (BPRS)
total scores (Overall, 1974; Overall and Gorham, 1962) was converted using a conversion
table (Leucht et al., 2013), and “positive symptom severity with Scale for the Assessment of
Positive Symptoms (SAPS) scores (Andreasen et al., 1984)” were employed as independent
variables. The data extracted for each study included: 1) clinico-demographic characteristics
of the participants (i.e. age, sex, CPZ dose, and symptom severity as measured by the BPRS,
Global Assessment of Functioning Scale (GAF) (Jones et al., 1995), PANSS, Scale for the
Assessment of Negative Symptoms (SANS) (Andreasen, 1989, 1982, 1981), or SAPS; 2)
study method; and 3) ROIs. A p-value of <.05 was considered statistically significant.

3. Results

3.1. Characteristics of included studies

Fig. 1 shows the flow of our literature search. From an initial list of 1026 studies, 7 articles
examining 12 ROIs, were identified to be relevant (Cassidy et al., 2019; Kaiya, 1980; Mabry
et al., 2020; Sasaki et al., 2010; Shibata et al., 2008; Watanabe et al., 2014; Yamashita et

al., 2016). The most frequently investigated ROl was the SN (7 studies) (Cassidy et al.,
2019; Kaiya, 1980; Mabry et al., 2020; Sasaki et al., 2010; Shibata et al., 2008; Watanabe

et al., 2014; Yamashita et al., 2016), followed by the LC (4 studies) (Kaiya, 1980; Sasaki et
al., 2010; Shibata et al., 2008; Watanabe et al., 2014), and ventral tegmental area (1 study)
(Yamashita et al., 2016).

Among the 7 identified studies, 5 studies utilized MRI to investigate the NM signal intensity
or its relative change (contrast ratio), using white-matter as a reference region (Cassidy et
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al., 2019; Sasaki et al., 2010; Shibata et al., 2008; Watanabe et al., 2014; Yamashita et al.,
2016). The other 2 studies examined the density of NM pigmentation in human brain tissue
using immunohistochemistry (Mabry et al., 2020) and a microdensitometer (Kaiya, 1980).
All the included studies compared NM levels between patients with schizophrenia and HCs.
Regarding the diagnostic criteria for schizophrenia, five studies used the Diagnostic and
Statistical Manual of Mental Disorders, 4th Edition (DSM-1V) (Cassidy et al., 2019; Sasaki
et al., 2010; Shibata et al., 2008; Watanabe et al., 2014; Yamashita et al., 2016). One study
employed both DSM-III and -1V (Mabry et al., 2020), and one study did not specify any
criteria (Kaiya, 1980). The measures of symptom severity varied across the studies. These
included the SAPS (3 studies) (Sasaki et al., 2010; Shibata et al., 2008; Yamashita et al.,
2016), SANS (3 studies) (Sasaki et al., 2010; Shibata et al., 2008; Yamashita et al., 2016),
GAF (3 studies) (Sasaki et al., 2010; Shibata et al., 2008; Yamashita et al., 2016), BPRS

(2 studies) (Sasaki et al., 2010; Yamashita et al., 2016), and PANSS (2 studies) (Cassidy et
al., 2019; Watanabe et al., 2014). Two studies did not evaluate symptom severity (Kaiya,
1980; Mabry et al., 2020). Regarding the medication status, 6 studies included subjects
taking antipsychotics (Kaiya, 1980; Mabry et al., 2020; Sasaki et al., 2010; Shibata et al.,
2008; Watanabe et al., 2014; Yamashita et al., 2016). The average antipsychotic dose (CPZ
equivalent) ranged from 351.9 to 805.9 mg. One study included only unmedicated patients
(Cassidy et al., 2019).

The Newcastle-Ottawa Quality Assessment Scale scores ranged from 1 to 6, and the average
was 4.6, which suggests that the quality of original studies was good on average (Table 1).

Table 2 summarizes the methodologies and results of the studies included in our review.
Synthesis of the main findings is described in a chronological order below.

3.2. NM-MRI studies

Shibata et al. (2008) found that the contrast ratio of NM in the SN was higher in patients
with schizophrenia than in HCs, but no group differences were observed in the LC (patients,
n = 20; HCs, n = 34) (Shibata et al., 2008). Sasaki et al. (2010) did not find differences

in contrast ratio of NM in the SN or the LC between patients with schizophrenia and HCs
(patients, n = 23; HCs, n = 23) (Sasaki et al., 2010). Watanabe et al. (2014) demonstrated
both increased contrast ratio of NM in the SN of patients with schizophrenia in comparison
with HCs but no group differences in the LC were observed (patients, n = 52; HCs, n =

52) (Watanabe et al., 2014). Yamashita et al. (2016) found that the signal intensity of NM
in the VTA of patients with schizophrenia was decreased compared to HCs, whereas there
was no difference in the SN between them (patients, n = 14; HCs, n = 22) (Yamashita et
al., 2016). Cassidy et al. (2019) noted that highly psychotic patients with positive symptom
subscale scores above 19 in the PANSS (range from 20 to 49) had higher contrast ratio of
NM in a portion of the SN than HCs (patients, n = 9; HCs, n = 30), but not in comparison
between other patients with mild symptoms and HCs (patients, n = 24; HCs, n = 30) or
between the whole patient sample and HCs (patients, n = 33; HCs, n = 30) (Cassidy et

al., 2019). No group differences were detected in the LC. Of note, Cassidy et al. focused
on the psychosis-overlap voxels (in which the contrast ratio of NM correlated with positive
symptom scores of the PANSS) rather than the whole ROIls of schizophrenia.
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3.3. Postmortem studies

Kaiya (1980) assessed NM contents in the SN and LC in patients with psychosis including
schizophrenia and controls with microdensitometers (patients, n = 12; HCs, n = 40) (Kaiya,
1980). NM contents in the SN tended to be higher in the patient group than controls, which
did not reach statistical significance. There were no group differences in the LC. Mabry et
al. (2020) identified densities of NM granules from unstained brain sections from the middle
of the rostrocaudal extent of the SN and measured them using immunohistochemistry. They
observed a trend-level decrease in the densities of NM granules in the SN of the patient
group compared with HCs (patients, n = 12; HCs, n = 12) (Mabry et al., 2020).

To summarize, 3 out of 7 studies found increased NM accumulation in the SN in patients
with schizophrenia compared to HCs (3 with NM-MRI) (Cassidy et al., 2019; Shibata et
al., 2008; Watanabe et al., 2014), and 4 studies did not find increased NM accumulation
in the SN (2 with NM-MRI; 2 with postmortem) (Kaiya, 1980; Mabry et al., 2020; Sasaki
et al., 2010; Yamashita et al., 2016). The 4 studies (3 with NM-MRI; 1 with postmortem)
exploring NM in the LC demonstrated no differences in MRI signal or pigmentation level
between patients with schizophrenia and HCs (Kaiya, 1980; Sasaki et al., 2010; Shibata et
al., 2008; Watanabe et al., 2014). In the VTA, the patient group showed a decreased signal
intensity than HCs using NM-MRI in 1 study (Yamashita et al., 2016).

3.4. Meta-analysis

Seven studies measured NM accumulation levels in the SN (5 NM-MRI; 2 postmortem)
(Cassidy et al., 2019; Kaiya, 1980; Mabry et al., 2020; Sasaki et al., 2010; Shibata et al.,
2008; Watanabe et al., 2014; Yamashita et al., 2016) (Fig. 2). In total, 163 patients and 228
HCs were compared. There were increased levels of NM within the SN in patients with
schizophrenia compared to HCs (SMD = 0.33; 95 % ClI, 0.12 to 0.54; p=0.002). No study
heterogeneity was observed (2 = 41 %, p= 0.09). Four studies examined NM accumulation
levels in the LC (3 NM-MRI; 1 postmortem) (Kaiya, 1980; Sasaki et al., 2010; Shibata et
al., 2008; Watanabe et al., 2014) (Fig. 3). A total of 107 patients and 144 controls were
included. No group difference was found in NM levels in the LC (SMD= -0.05; 95 % Cl,
0.30 t0 0.21; p= 0.72). There was no study heterogeneity (£ =0 %, p= 0.51). The VTA was
not included in this analysis because of the small number of applicable studies (YYamashita et
al., 2016).

3.5. Moderator analyses

3.5.1. Subgroup analysis and sensitivity analysis—The subgroup analysis of NM
levels in the SN revealed that there was an increase in living human brain studies with
NM-MRI (Cassidy et al., 2019; Sasaki et al., 2010; Shibata et al., 2008; Watanabe et al.,
2014; Yamashita et al., 2016) (SMD = 0.37; 95 % CI, 0.14 to 0.59; p= 0.001) but not in
postmortem studies (Kaiya, 1980; Mabry et al., 2020) (Fig. 2). The leave-one-out sensitivity
analysis showed that the results were generally robust (SMD range, 0.23 to 0.42; 95 % Cl,
0.11 to 0.54) (Supplementary Fig. 1). In the LC, the subgroup analysis showed no difference
in NM levels between patients and HCs in either NM-MRI or postmortem studies (Fig. 3).
The sensitivity analysis exhibited the robustness of the results in the LC (Supplementary Fig.
2).
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3.5.2. Meta-regression analysis—There were no associations between participant age
(coefficient, —0.01; 95 % CI, —0.05 to 0.03, p= 0.57), male ratio (coefficient, —0.02; 95

% CI, -0.04 to 0.01; p=0.21), CPZ dose (coefficient, 0.0004; 95 % CI, —0.001 to 0.001;
p=0.38), PANSS total scores (coefficient, 0.0002; 95 % CI, —0.02 to 0.02; p=0.98), or
SAPS total scores (coefficient, 0.07; 95 % CI, 0.00 to 0.15; p = 0.06) and levels of NM
accumulation in the SN. No associations were observed between age (coefficient, -0.04; 95
% CI, —-0.09 to 0.01, p=0.10), male ratio (coefficient, —0.04; 95 % CI, —-0.08 to 0.00; p=
0.06), CPZ dose (coefficient, —0.002; 95 % CI, —0.006 to 0.002; p = 0.42), or PANSS total
scores (coefficient, 0.01; 0.00 to 0.02; p=0.07) and NM levels in the LC.

4. Discussion

This study is the first systematic review and meta-analysis to compare NM accumulation

in specific brain regions between patients with schizophrenia and HCs, also considered
clinico-demographic and methodological factors related to NM levels. The main results are
threefold: 1) the growing literature on NM-MRI in schizophrenia converges in showing
abnormally elevated concentration of NM in this disorder with moderate effect sizes and
robust effects; 2) increased NM levels in patients with schizophrenia is observed with /n-
vivo using NM-MRI studies, but is not evident in to ex-vivo studies; and 3) no relationships
were found between the effect sizes of NM accumulation in the SN and any clinical
variables in patients with schizophrenia. The strength of the present study is that we
integrated findings of NM accumulation quantified with different techniques in patients with
schizophrenia and HCs, which allowed us to perform subgroup analyses based on different
acquisition techniques and compare the clinical utility and feasibility between NM-MRI and
other methods of measuring NM.

While schizophrenia is a highly prevalent major mental disorder, there is a lack of available
diagnostic or prognostic biomarkers for clinical use (Abi-Dargham and Horga, 2016; The
National Institute of Mental Health, n.d.). The results of the present study suggest that
there may be increased NM accumulation in the SN of patients with schizophrenia in
comparison with HCs, and especially, that NM-MRI can detect elevated NM signals in
living brains with schizophrenia compared to controls. Several findings keep in line with
our results, despite a relatively limited number of meta-analyzed studies. For instance, the
degree of study heterogeneity was non-significant, and sensitivity analyses excluding one
study at a time did not modify the overall results. In addition, as it has been suggested

in the meta-analytic literature as a measure of convergence (Correll et al., 2017), large

and high quality studies (i.e., Cassidy et al., 2019) aligned with the pooled results. Our
overall interpretation of the data is that this increased NM signal in schizophrenia, detected
primarily using NM-MRI, is consistent with the previously described increased DA activity
of the “nigrostriatal pathway” (Joel and Weiner, 2000; Prensa et al., 2009; Weinstein et al.,
2017), shown using PET (Abi-Dargham et al., 2000; Caravaggio et al., 2015; Howes et al.,
2007). Given that MRI is far more accessible and easily acquired than PET, better in space
resolution, and safer in terms of radioactivity exposure than PET, NM-MRI has the potential
to become a widespread tool to examine DA function in patients with schizophrenia. It

has to be noted that despite this convenience, PET still has important advantages over
NM-MRI for the study of DA transmission, including the ability to discriminate directly
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between various aspects such as receptor occupancy, DA synthesis capacity and release.
Given the nascent state of the application of NM-MRI to schizophrenia research compared
to PET, future research should attempt to replicate some of the findings of the PET literature
in schizophrenia, such as DA transmission and treatment responsiveness in schizophrenia
(Abi-Dargham et al., 2000; Caravaggio et al., 2015; Howes et al., 2007). The ideal sample
size estimated using published data is 23 per group to detect group differences (SMD = 0.92,
power = 0.85, and alpha = 0.05) (Cassidy et al., 2019).

Among the five NM-MRI studies, three studies employed 2D-sequence (Cassidy et al.,
2019; Sasaki et al., 2010; Shibata et al., 2008), and the remaining two studies applied
3D-sequence (Watanabe et al., 2014; Yamashita et al., 2016); of these, two studies (Cassidy
et al., 2019; Shibata et al., 2008) and one study (Watanabe et al., 2014) presented increased
NM signals in the SN in patients with schizophrenia compared with HCs, respectively.

Our review cannot conclude which sequence is more suitable for examining NM levels

due to the small number of included studies. Generally, each radiofrequency (RF) pulse
excites a narrow slice in a 2D-sequence, and RF pulse excites the entire imaging volume
and encoding is used to discriminate spatially in a 3D-sequence. While a previous study
suggested that a 3D-acquisition achieved greater sensitivity than a 2D (Brunner and Ernst,
1979), the others reported that 2D-acquisition was able to provide as qualified images as
3D (Johnson et al., 1999; Klyn et al., 2018). However, a 3D-sequence can overcome the
limitation of a 2D-sequence including relatively low spatial resolution, long acquisition time,
limited coverage, and signal nonuniformity due to B1 heterogeneity (Sasaki et al., 2013,
2006), which is advantageous especially for research on schizophrenia (Watanabe et al.,
2014), and thus 3D NM-MRI should be considered in more detail. Also, it should be worth
noting the difference between first spin echo (FSE) and gradient echo (GRE) sequences. In
this meta-analysis, two (Sasaki et al., 2010; Shibata et al., 2008) and three (Cassidy et al.,
2019; Watanabe et al., 2014; Yamashita et al., 2016) out of five NM-MRI studies employed
FSE and GRE sequences, respectively. Briefly, while the FSE can provide good resolution
and T1 contrast, the GRE acquires much faster (Chavhan, 2016) and shows higher CNR
than FSE (Chen et al., 2014). Given that short scanning time for NM applying GRE should
be beneficial for imaging studies on patients with schizophrenia who may sometimes have
difficulty holding head position for long in an MRI scanner (Watanabe et al., 2014), further
improvement in the image quality of GRE would be beneficial.

On another note, analytic techniques are different among the 5 NM-MRI studies as well.
While 4 studies employed ROI-based analysis (Sasaki et al., 2010; Shibata et al., 2008;
Watanabe et al., 2014; Yamashita et al., 2016), voxelwise analysis was applied to the
study by Cassidy et al. (2019). The technique was validated correlating NM-MRI signals
to DA functions assessed with PET (Cassidy et al., 2019) and enabled us to investigate
anatomically specific midbrain circuits encompassing subregions within the SN or small
DA nuclei like the VTA (Wengler et al., 2020). This advantage of voxelwise analysis may
improve the accuracy of NM signals in clinical and mechanistic research. For instance,

in schizophrenia, voxelwise NM-MRI will elaborate the specific subregions within the
SN-VTA complex which projects to the head of the caudate (Weinstein et al., 2017).
Furthermore, any potential concern regarding inclusion of this study using a different ROl is
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mitigated by the sensitivity analysis that showed the results were robust to exclusion of this
study.

Despite a continuous accumulation of NM in the SN during aging (Zecca et al., 2002), a
meta-regression did not show associations between age and the effect size of SN NM levels
in patients with schizophrenia compared to HCs. Watanabe et al. classified patients into
two groups according to their age, and only the younger patient group (age<30) showed
higher NM levels than HCs (Watanabe et al., 2014), suggesting that the difference in NM
levels in the SN between aged patients and aged HCs might be masked by NM accumulated
with age. This could explain the small effect sizes of postmortem studies as they included
slightly older patients than NM-MRI studies. One possibility is that antipsychotic treatment
chronically reduces DA function and ends up correcting differences in NM accumulation
over the years.

NM accumulation in the LC did not differ between patients with schizophrenia and HCs
across the included studies (Kaiya, 1980; Sasaki et al., 2010; Shibata et al., 2008; Watanabe
etal., 2014). An fMRI study indicated that dysfunction of the noradrenergic system in the
LC might contribute to the impairment of cognitive functions including working memory

in schizophrenia (Suttkus et al., 2021). Also, the possible alterations of noradrenaline levels
in the LC depending on conditions of schizophrenia have been suggested (Yamamoto and
Hornykiewicz, 2004; Yamamoto et al., 2014) in light of the studies using cerebrospinal
fluid or postmortem brain specimen; LC noradrenaline levels seemed to be positively
associated with psychotic symptoms (Gay et al., 1989; Kemali et al., 1990; Post et al.,
1975), and negatively associated with negative symptoms of schizophrenia (Nyback et al.,
1983; Weinberger, 1980; Wise and Stein, 1973). Nonetheless, there have been no consistent
findings regarding NM accumulation in the LC of patients with schizophrenia. Future NM-
MRI studies should examine NM accumulation in the LC across various clinical subgroups
of schizophrenia, such as those who are treatment-resistant or deficit-type. Of note, a large
sample size of at least n = 166 subjects per group would be required to detect the effect-size
in the LC based on the existing study (SMD = 0.33, power = 0.85, and alpha = 0.05) (Sasaki
et al., 2010).

One study reported that patients with schizophrenia presented with lower NM signals in

the VTA than HCs. In light of lower levels of NM pigmentation in the VTA compared

to the SN in patients with Parkinson’s disease (Hirsch et al., 1988; Liang et al., 2004)

and HCs (Wengler et al., 2020), NM levels in the VTA are originally lower than other

brain regions. A few studies noted the associations between abnormal VTA DA systems

and the pathophysiology or symptomatology of schizophrenia. For instance, an fMRI

study demonstrated that unmedicated patients with schizophrenia showed reduced functional
connectivity between the VTA and multiple cortical and subcortical regions, and that one-
week treatment with risperidone increased the functional connectivity between them (Hadley
et al., 2014). Also, an animal study with micro-dialysis observed increased DA cell firing

in the VTA and its negative association with social interactions, which is a part of negative
symptoms, in schizophrenia-model rats compared to controls, and demonstrated that the DA
cell firing in the VTA was ameliorated with administration of risperidone (Sotoyama et al.,
2021). Although a 3D-MRI acquisition was developed to visualize DA neuron in the VTA as
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a punctate hyperintense area at the midline between bilateral substantia nigra pars compacta
(Sasaki et al., 2013), it is technically challenging to differentiate the VTA from adjacent
structures to date. Thus, further research is warranted to examine the DA system in the
VTA employing 3D NM-MRI techniques as well as stratifying patients according to their
symptoms.

This meta-analysis has several limitations. First, the number of studies included was
relatively small. This may have limited our ability to identify meaningful moderators in

the meta-regression. Nevertheless, the results seem consistent given the low degree of
heterogeneity and lack of impact of “leave-one-out” sensitivity analyses. In addition, this
study achieved 0.89 of power calculated with the R-based tool “Meta Power Calculator”
(Quintana and Tiebel, 2018; Tiebel, n.d.), suggesting the number of included studies

were sufficient. Second, the employed analysis techniques for NM measurements and
interpretations of them were heterogeneous, which may have been a conservative bias, as
such methodological heterogeneity could reduce the signal to noise ratio. Third, the patients
included in these studies were not always well-characterized in terms of diagnosis or illness
severity, which may be a conservative bias by potentially including as cases individuals with
conditions other than schizophrenia, who would not theoretically have the DA dysfunction
of interest that we were studying. Fourth, we did not fully assess the influence of clinical
factors such as positive symptom scores and duration of illness on NM levels, which should
be tested in subsequent individual participant data meta-analyses. Finally, no study has
differentiated between patients responsive to first-line treatment versus treatment-resistant
schizophrenia. Unfortunately, 30 % of patients with schizophrenia present with treatment-
resistant schizophrenia (Hietala et al., 1995). A recent meta-analysis suggests that patients
with treatment-resistant schizophrenia do not present increased endogenous striatal DA
levels compared with HCs (Brugger et al., 2020). Accordingly, a PET study using [18F]-
DOPA found that DA synthesis in patients with treatment-resistant schizophrenia was lower
than first-line treatment responders (Demjaha et al., 2012). Thus, it is possible that greater
differences are found if analyses stratify by treatment-responsiveness status, which should
be done in next steps in this line of research.

In conclusion, the literature converges in suggesting that there may be increased NM

levels in the SN of patients with schizophrenia. This increase in NM accumulation may
reflect increased DA synthesis capacity, DA release, and endogenous DA levels in the

dorsal striatum of these patients. The above-mentioned limitations and the paucity of
evidence clearly highlight the necessity of further examination in the living brain of well-
characterized patients with schizophrenia, including treatment-resistant schizophrenia, using
NM-MRI. Further studies are expected to validate NM-MRI of SN as a biomarker for
stratifying schizophrenia according to the treatment-responsiveness and explore its potential
utility to inform clinical decisions for this illness.
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Identification of new studies via databases and registers
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Identification of new studies via other methods

Records identified from:
Citation searching (n = 11)

Reports sought for retrieval Reports not retrieved

(n=11)

Reports excluded:

Reports assessed for eligibility
(n=0) (n=0)

<
§
3 Records identified from: Records removed before screening:
H Databases (n = 1,201) Duplicate records (n = 175)
2
Records screened Records excluded
(n=1,026) 8)
=3
& Reports sought for retrieval Reports not retrieved
8 (n=258) (n =245)
2]
Reports excluded::
Review (n = 3)
| Reports ass‘isfi‘;;°'e"g‘°”"y }—» Not about neuromelanin (n = 1)
= Not about schizophrenia (n = 1)
No healthy control included (n = 1)
3
3 | New studies included in review |
H = [

Fig. 1.

Preferred reporting items for systematic reviews and meta-analyses (PRISMA) diagram for
study search. The figure was generated with the R package “PRISMA2020” version 0.0.1
(Haddaway and McGuinness, 2020).
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Source

Kaiya 1980
Mabry 2020

Shibata 2008
Sasaki 2010

Watanabe 2014 (Age<30)
Watanabe 2014 (Age=30)

Yamashita 2016
Cassidy 2019 (Severe)
Cassidy 2019 (Mild)

Total
95% PI

SMD (95% Cl)

0.27 [-0.47; 1.01]
-0.13 [-0.93; 0.67]

0.65[ 0.08; 1.22]
0.48 [-0.11; 1.06]
0.81[0.24; 1.37]
0.25 [-0.31; 0.80]
-0.18 [-0.87; 0.50]
0.92[0.15; 1.70]
-0.19 [-0.73; 0.35]

0.33[0.12; 0.54]
[-0.39; 1.04]

Heterogeneity:x3= 13.57 (P= 0.09),/*= 41%
Test for overall effect:z=3.08(P= 0.002)

Fig. 2.
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Greater in controls  Greater in patients

[ I T T T 1

15 1 05 0 05 1 1.5
Standardised Mean Difference (95% Cl)

Study effect sizes of differences in neuromelanin levels between schizophrenia and healthy
controls in the substantia nigra.The size of the marker is proportional to the total number
of individuals in each study. The summarized effect size is denoted by a diamond.
Abbreviations. Cl, confidence interval; MRI, magnetic resonance imaging; PI, prediction

interval; SMD, standardized mean difference.
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Source SMD (95% Cl)
Postmortem studies

Kaiya 1980 -0.11 [-0.77; 0.56]
Total -0.11 [-0.77; 0.56]
95% PI

Heterogeneity: not applicable

Test for overall effect:z=-0.32(P= 0.75)

in vivo NM-MRI studies

Shibata 2008 -0.27 [-0.83; 0.28]
Sasaki 2010 -0.33 [-0.91; 0.25]
Watanabe 2014 (Age<30) 0.16 [-0.39; 0.70]
Watanabe 2014 (Age=30) 0.26 [-0.30; 0.81]
Total -0.04 [-0.32; 0.24]
95% PI [-0.76; 0.68]
Heterogeneity:x3= 3.22(P= 0.36),/°= 7%

Test for overall effect:z=-0.26 (P= 0.80)

Total -0.05 [-0.30; 0.21]
95% PI [-0.46; 0.37]
Heterogeneity:xi= 3.26(P=0.51 ),Iz= 0%

Test for overall effect:z=-0.36 (P= 0.72)

Fig. 3.
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Greater in controls Greater in patients

|
v

[ 1

-0.5 0 0.5
Standardised Mean Difference (95% Cl)

Study effect sizes of differences in neuromelanin levels between schizophrenia and healthy
controls in the locus coeruleus. The size of the marker is proportional to the total number
of individuals in each study. The summarized effect size is denoted by a diamond.
Abbreviations. CI, confidence interval; MRI, magnetic resonance imaging; Pl, prediction

interval; SMD, standardized mean difference.
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The Newcastle-Ottawa Quality Assessment Scale.

1st Author (Year) Selection Comparability Total
Kaiya (1980) * - 1
Shibata et al. (2008) *kk * k 5
Sasaki et al. (2010) *k Kk *k 5
Watanabe et al. (2014) % %% *k 5
Yamashita et al. (2016) % k% * k 5
Cassidy et al. (2019) *ok kk *k 6
Mabry et al. (2020) *ok k *k 5

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 May 02.
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