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ABSTRACT: BackgroundBackground: Loss of dorsolateral nigral hyperintensity (DNH) in iron-sensitive sequences of
Magnetic Resonance Imaging (MRI), also described as “swallow tail sign” (STS) loss, has shown promising
diagnostic value in Parkinson’s Disease (PD) and Atypical Parkinsonian Syndromes (APS).
ObjectiveObjective: To conduct a bibliometric analysis on substantia nigra MRI and a systematic review on the clinical
utility of STS visual assessment on Susceptibility-Weighted Imaging in various clinical entities.
MethodsMethods: VOSviewer’s keyword co-occurrence network was employed using Web of Science (WOS). Complying
with the PRISMA statement, we searched MEDLINE, WOS, SCOPUS, ProQuest and Google Scholar for peer-
reviewed studies conducted in vivo, excluding quantitative imaging techniques.
ResultsResults: DNH is a relatively novel parameter in substantia nigra MRI literature. Our SWI-focused review included
42 studies (3281 patients). Diagnostic accuracy of STS loss for PD/APS differentiation from controls and for
Lewy Body Dementia differentiation from other dementias was 47.8–98.5% and 76–90%, respectively, with
poorer capacity, however, in delineating PD from APS. STS evaluation in idiopathic REM sleep behavior disorder,
a sign of prodromal PD, was typically concordant with nuclear scans, identifying subjects with high conversion
risk. Iron deposition can affect STS in Multiple Sclerosis and STS loss in Amyotrophic Lateral Sclerosis is linked
with multisystem degeneration, with poorer prognosis. In healthy individuals iron-induced microvessel changes
are suspected for false positive results.
ConclusionConclusion: STS assessment exhibits potential in different settings, with a possibly intermediate role in the
diagnostic work-up of various conditions. Its clinical utility should be explored further, through standardized
MRI protocols on larger cohorts.

Technological advancements in magnetic resonance imaging
(MRI) and particularly the implementation of susceptibility-
weighted imaging (SWI) and iron-sensitive techniques have
enabled the distinction of the substantia nigra (SN) from surround-
ing tissues in the midbrain.1 Nigrosome-1, the largest of the dopa-
minergic cell clusters lying dorsolateral in the substantia nigra pars
compacta (SNc),1 is the most prominently affected dopaminergic
region in Parkinson’s disease (PD).2 Recent evidence from three-

dimensional histology within vivo/postmortem iron-sensitive
MRI suggests the partial overlapping of nigrosome-1 with the
“swallow tail sign” (STS),3 a comma-shaped hyperintensity in axial
midbrain SWI sequences in healthy individuals, also known as
dorsolateral nigral hyperintensity (DNH).1,4,5 STS loss/absence has
been well-described in individuals with PD.4,6 Although the exact
neuroanatomic background remains debatable, low signal on iron-
sensitive MRI sequences (eg, SWI, T2*) is thought to be related
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to decreased neuromelanin content and accumulation of free iron,
as a result of degeneration of presynaptic dopaminergic neurons,2,3

making the detection of STS abnormalities a specific cellular
marker.3

STS loss in PD seems to exhibit a diagnostic accuracy compa-
rable to that of DaTScan or 6-[18F] FDOPA PET.7,8 Relatively
recent meta-research has highlighted its value in differentiating
patients with PD from healthy individuals with a pooled sensitiv-
ity and specificity of 94% and 90%, respectively, that rise up to
99% and 92% when a field strength of 7 Tesla (T) is used.7 On
the contrary, the use of absence of the STS in the context of dif-
ferentiation of PD from atypical parkinsonian syndromes (APS) is
still questionable.8

Research regarding STS loss has expanded to various clinical
entities and its value is being investigated in complex pathologies,
other than parkinsonian syndromes.9,10 Moreover, complex
imaging modalities like quantitative susceptibility mapping
(QSM) and neuromelanin-sensitive MRI (NM-MRI) are being
employed for a more in-depth investigation of the appearance of
nigrosome-1.11,12 Among iron-sensitive techniques, SWI is now-
adays widely available in MRI scanners in all clinical settings,
demonstrating tremendously high sensitivity in detecting para-
magnetic and diamagnetic signals, since it can combine magni-
tude and phase T2*-weighted images.13,14

So far, there are studies concerning the use of iron-sensitive
MRI techniques in neurology or neuroimaging and more spe-
cifically the use of STS as diagnostic markers of degenerative
parkinsonian syndromes.7,15 However, there are no systematic
reviews regarding the appearance of nigrosome-1 and STS loss
in various neurological disorders. We aim to report recent liter-
ature trends regarding MRI of the SN through a large-scale
bibliometric analysis and to explore possible diagnostic and
prognostic value of STS loss in various neurological disorders
beyond PD through an extensive systematic review of clinical
studies. Moreover, we aspire to shed light on the lateralizing
value of STS loss and on the agreement between nuclear imag-
ing and MRI.

Methods
Bibliometric Analysis
We used VOSviewer,16 a software capable of bibliometric map-
ping and network generation, focusing on keyword co-
occurrences for the visualization of trends in the field of SN
MRI. For this purpose, we searched Web of Science (WOS)
for articles using the terms “substantia nigra” and “MRI” or
“magnetic resonance imaging”. We set the minimum co-
occurrence number for each keyword to 10. Of the 6506 key-
words, 302 met the threshold. After the exclusion of general
terms, such as “brain”, “disease”, “disorder”, “adult”, “neurons”
and “system” 250 keywords remained. We used a network
visualization graph to present our results and a table to demon-
strate the top 20 keywords based on the number of occurrence.

Systematic Review
Our systematic review was conducted and reported according to
the PRISMA statement for systematic reviews. A PRISMA
checklist can be found in the supplementary material (S1).

Search Strategy and Information Sources

We performed a search in electronic databases PubMed/
MEDLINE, WOS, SCOPUS, ProQuest and Google Scholar cov-
ering all papers published from 2010 until the October 26, 2023
using keywords and controlled vocabulary for the terms “swallow
tail sign”, “dorsolateral nigral hyperintensity”, “nigrosome-1”, “sus-
ceptibility-weighted imaging”, “magnetic resonance imaging”. For-
ward and backward searching, as well as hand searching, were
employed. A complete search strategy is presented in our supple-
mentary material (Table S1).

Eligibility Criteria

We included studies in adult human subjects with neurological dis-
orders of any kind (diagnosed by application of the respective
criteria) or healthy individuals. The studies had to report on the
evaluation of STS appearance through visual inspection by radiolo-
gists or neuroradiologists on SWI. Eligible study types included case
reports, case series, observational case–control studies, cross-sectional
studies, studies of diagnostic accuracy, and randomized clinical stud-
ies. We only included peer-reviewed articles, with their full texts
available in English. Since we expanded our search to gray literature
sources (ProQuest and Google Scholar), only peer-reviewed confer-
ence abstracts, letters, and editorial comments were considered eligi-
ble, and only if authors presented adequate information.

Animal, post-mortem, or ex-vivo studies and studies in pedi-
atric population were excluded. The use of quantitative or map-
ping techniques, neuromelanin-sensitive MR imaging, as well as
diffusion tensor sequences for the diagnostic performance of STS
evaluation served as exclusion criteria due to their complexity
and limited accessibility in clinical practice, at least for the present
time. If eligible studies included STS evaluation on SWI among
other endpoints, we isolated and referred to the results that are
relevant to our scope, excluding the rest from data synthesis.
Non-peer-reviewed publications, review articles and preliminary
results from theses or dissertations were excluded.

Data Management

Systematic Review Accelerator (SRA)17 was used for deduplication.
Potentially eligible articles were exported into “Rayyan”, a web-
based application for article screening.17 Two reviewers (KE, VST)
independently screened titles and abstracts and subsequently full
texts, remaining blinded to each other’s decisions during the pro-
cess. Conflicts were resolved with the involvement of a third inves-
tigator (TM). We imported eligible studies into the reference
manager “Mendeley” (Desktop version 1.19.8). The PRISMA flow
diagram was constructed using the interactive R-based online tool
developed by Haddaday et al.18
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Data Extraction and Quality Assessment

Data extraction was done in duplicate by two independent investi-
gators (VST, KE), based on predetermined forms, with the involve-
ment of a third reviewer (TM) in case of discrepancies. Extracted
data concerned MRI scan characteristics, neurological disorders of
interest, disease duration/severity, comparator groups, diagnostic
value/findings and intra- or inter-rater agreement. When those
were not presented in the primary studies, they were calculated by
us from supplementary materials, if available, using the statistical
software R (Version 4.1.2). Two independent reviewers (VST,
TM) assessed the methodological quality of the included studies
using the QUADAS-2 tool for Diagnostic Accuracy Studies and
the JBI Critical Appraisal Checklist for case reports and for preva-
lence studies. In case of discrepancy a consensus was reached.

Data Synthesis

Due to expected heterogeneity in different study designs, a qualitative
synthesis of the above-mentioned variables (without statistical synthesis)
was chosen a priori. We grouped eligible studies into categories for
summarization and better result interpretation. Thus, we combined
mean values (eg, disease duration/severity) when those were separately
reported for different patient subgroups of similar pathologies. If diag-
nostic accuracymeasureswere not directly given,we calculated sensitiv-
ity, specificity and diagnostic accuracy using true negatives, true
positives, false negatives and false positives, when available.

Results
Bibliometric Analysis
Our large-scale bibliometric analysis regarding SN MRI is presented
in Fig. 1A. In the keyword-based network visualization graph, the
higher weight is depicted with larger circles, representing more
occurrences. Different colors represent different clusters. The lines
represent co-occurrences and their thickness varies according to co-
occurrence strength. Additionally, the closer the keywords appear,
the more related they are. “Substantia nigra”, “Parkinson’s disease”
and “MRI” have the highest weight, and thus the highest occur-
rence. The proximity of the terms “Parkinson’s disease” and “sub-
stantia nigra” indicates their close relation in the published literature.
The terms “MRI”, “diagnosis”, “susceptibility weighted imaging”,
“diagnosis”, “iron”, “neuromelanin”, and “quantitative susceptibility
mapping” present strong connections and proximity to the afore-
mentioned central terms. Keywords for other neurological entities
that occurred in the literature along with the term SN included
“multiple system atrophy”, “Alzheimer’s disease”, “progressive supra-
nuclear palsy” and “lewy bodies”. The 20 keywords with the highest
occurrence rate along with their total link strength, a value that rep-
resents the strength of the co-occurrences, are presented in Table S2.

Moreover, we proceeded to an overlay visualization (Fig. 1B),
in which keywords are colored based on the years of their occur-
rence in the literature. Focusing on all links of the term “sub-
stantia nigra”, positron emission tomography comprises the main

associated imaging technique in past literature, with a quite strong
link. Up until 2016, however, newer techniques were mentioned in
the literature in conjunction with SN imaging, such as “voxel-based
morphometry”, “diffusion tensor imaging”, “diffusion kurtosis imag-
ing”, “dopamine transporter”, “SPECT” and “transcranial sonogra-
phy”. More recently the investigation of “iron” and “neuromelanin”
occurred along with the appropriate MRI modalities: “susceptibility
weighted imaging”, “neuromelanin-sensitive MRI” and “quantitative
susceptibility mapping”. “Dorsolateral nigral hyperintensity”,
“hyperintensity”, “nigrosome” and “nigrosome 1” are specific
parameters, recently mentioned in publications relating to MRI
and/or specific SWI sequences for visualization of the SN.

Systematic Review
After deduplication, we retrieved 1710 records from our search on
electronic databases (PubMed/MEDLINE, WOS, SCOPUS) and
204 records from possible sources of gray literature (ProQuest, Goo-
gle Scholar, hand searching, citation searching). At the completion
of the screening process, 42 studies (59 reports), with a total number
of 3281 patients, were included.5,6 8–10,12,19–54 A PRISMA flow
chart is presented in Figure 2. Degenerative parkinsonism subjects
comprised the majority of the studies’ population (n = 1581),
followed by healthy or disease controls (n = 1239), subjects with
other pathologies, like multiple sclerosis and amyotrophic lateral
sclerosis (n = 183), subjects with dementia (n = 176) and subjects
with prodromal PD. In Figure 3A an interactive sunburst chart of
the eligible studies’ population is presented.

In general, there was low risk of bias and low applicability
concerns. Patients were mostly recruited consecutively, but due
to the retrospective design in most diagnostic accuracy studies, a
case–control design was unavoidable. Raters had adequate expe-
rience and were reportedly blinded in the vast majority of the
studies. Accurate reference standards were used and reported.
STS visual assessment and categorization (index test) was suffi-
ciently explained. Our extensive quality assessment according to
different study types is presented as Supplementary Material (S2).

We categorized eligible studies into six groups that reflect dis-
tinct situations of the evaluation of STS appearance in clinical
practice: (1) Differentiation of PD/APS from healthy controls,
disease controls and non-PD/APS movement disorders; (2) Dif-
ferentiation between PD and APS; (3) Differential diagnosis of
Dementia with Lewy Bodies (DLB) from other forms of demen-
tia; (4) STS in prodromal PD; (5) STS in other non-parkinsonian
neurological disorders; (6) The STS in healthy subjects. Even
though DLB as a synucleinopathy belongs to APS, we opted to
separately present DLB-focused studies, since they examined
STS loss as a biomarker for differentiation from other dementias.

Differentiation of PD/APS (excl. DLB) from
Healthy Controls, Disease Controls and
Non-PD/APS Movement Disorders

Twenty-eight studies5,6,8,12,19–42 examined the diagnostic utility
of the STS visualization in discriminating patients with either PD
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Figure 1. Network visualization graph of keyword co-occurrence (A) and overlay visualization focusing on the keyword “substantia
nigra” (B).

Figure 2. PRISMA flow chart.
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or APS [Multiple System Atrophy (MSA), Progressive Supra-
nuclear Palsy (PSP), Corticobasal Degeneration (CBD)] from
healthy controls (HCs), disease controls (DCs) and non-degenerative
(non-PD/APS) movement disorders. DCs comprised a group of
patients with miscellaneous clinical entities including non-lewy body
dementia, cerebrovascular disease, brain tumors, multiple sclerosis
(MS), encephalitis, myopathies, normal pressure hydrocephalus
(NPH), peripheral vertigo, delirium, encephalitis, mild cognitive

impairment (MCI), neuralgia, psychogenic pain und unspecified
conditions. The non-PD/APS movement disorders included essen-
tial tremor (ET), vascular parkinsonism (VaP), drug-induced parkin-
sonism (DIP), dystonia and dystonic tremor (DysTr), as well as
psychogenic tremor. In all studies STS was assessed by two blinded
investigators, using mainly 3 T SWI sequences, while two studies
used SWI at both 3 T and 1.5 T MRI. Notably, in five studies
MRI scanners with a field strength of 7 T were used. The overall

Figure 3. (A) Sunburst chart of the eligible studies’ population (interactive version: https://public.flourish.studio/visualisation/15954619/).
(B) Swallow tail sign (STS) evaluation in high-resolution MRI. STS presence (a) and absence (b). Reproduced with permission from
Michler et al.31
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inter-rater agreement calculated with Cohen’s kappa ranged from
0.437 to 1. A synopsis is presented in Table S3. In Figure 3B STS
absence on axial plane midbrain SWI is presented.

In most studies, abnormal STS appearance on MRI (on either
of two sides of SNc) proved to be a relatively trustworthy diag-
nostic tool with an overall sensitivity of 73–100%, specificity of
75–100%, and diagnostic accuracy of 77–99% for the differentia-
tion of PD and APS patients from patients with non-
degenerative (non-PD/APS) movement disorder, HCs or DCs.
Nevertheless, in a recent retrospective study by Bae et al that
included a disease control group in the non-PD/APS group, the
sensitivity and diagnostic accuracy were rather low, 55% and
62%, respectively.28 In the study by Prasuhn et al no significant
differences regarding the absence of the STS were demonstrated
on 3 T SWI between PD patients and matched HCs (sensitivity
37%, specificity 78%).30 A high rate of false negative and false
positive results was stated, as well as poor ROC-AUCs. The
high rate of false negatives on SWI was also demonstrated in
the study by Hernadi et al, in which sensitivity was as low as
49.2%. However, this was compensated by a higher specificity
(100%).42 Meijer et al reported their second rater’s disappointing
results (sensitivity 48.2%, specificity 45.4%) with poor inter-rater
agreement (κ = 0.35) (first rater: sensitivity 71.2%, specificity
88.99%). Regarding the agreement of asymmetry in the STS
assessment with the clinically predominant side, Kathuria et al
did not confirm the lateralizing value of STS abnormalities.32

Several studies also investigated the level of agreement
between STS assessment on SWI and nuclear medicine scans
(6-[18F] FDOPA PET or 123I-FP-CIT (DaTscan)) SPECT. Bae
et al found a concordance rate of 86.2% between 123I-FP-CIT
SPECT and abnormal STS at 3 T SWI in a population of
210 individuals (126 PD, 22 APS, 26 HCs and 36 DCs).22

Michler et al found an overall good intermodality agreement
between 6-[18F] FDOPA PET and STS evaluation (80%) as
well, highlighting however the superiority of 6-[18F] FDOPA
PET.31 Haller et al observed a concordance rate of 77% between
SWI STS investigation and DaTSCAN SPECT, with DaTscan
outperforming SWI, but presenting a considerable diagnostic
accuracy improvement after using STS assessment for patient pre-
selection.33 The retrospective study by Bae et al concluded to a
relatively low level of agreement between SWI and SPECT.28 In
the study by Kim et al SWI results of abnormal STS were incom-
patible with DaTSCAN in 4/7 subjects.37 Lee et al found a mod-
erate diagnostic agreement between FP-CIT PET and high
resolution-SWI (HR-SWI), concerning mostly cases of early-stage
PD.27 On the other hand, abnormal F18 DOPA PET was
reported in 82/86 PD patients in the study by Kathuria et al,
whereas abnormal SWI STS visualization was found in 80/86,
indicating high diagnostic agreement between the two methods.32

STS loss has been studied in the differentiation of PD from
specific non-degenerative movement disorders as well, like ET
and VaP. Akly et al found that up to 4 out of 16 ET patients
exhibited abnormal findings on SWI MRI scans and despite false
positives, the study disclosed a satisfying sensitivity (93%), speci-
ficity (75–88%) and diagnostic accuracy (84–91%).25 Zhao et al
evaluated STS using a 3 T MRI in 38 HCs, 33 patients with PD

and 34 patients with suspected VaP (16).26 The authors stated a
loss of STS in 31/33 PD and 15/34 VaP patients, pointing
towards high sensitivity but a rather low specificity.

Differentiation between PD and APS

Several studies focused on examining SWI STS evaluation to dif-
ferentiate between PD and APS (Table S3). Meijer et al only
found marginal diagnostic capacity of STS evaluation to discrimi-
nate PD from APS (AUCs between 0.56 and 0.68) in a popula-
tion of 39 PD, 20 APS (13 MSA-P, 3 PSP, 1 CBD, 3 DLB,
1 VaP) and 1 VaP patient.50 Similarly, Oustwani et al found no
difference in the appearance of STS in a population of 25 PD,
11 MSA and 10 PSP/CBD (tauopathy) patients.8 Calloni et al
showed a profoundly poor specificity (0%) in discriminating
56 PD patients from 30 APS patients (3 MSA-C, 9 MSA-P and
18 PSP) at 1.5 or 3 T SWI sequences.24 Sugiyama et al reported
no significant prevalence of unilateral STS absence among par-
kinsonian syndromes, including 36 PD, 8 PSP, and 12 MSA
(7 MSA-C and 5 MSA-P) patients, with the exception of
MSA-C (abnormal results in 3/7 patients).23 On the contrary,
Wang et al reported 83.3% sensitivity and 89.7% specificity in
the delineation of 18 PD from 39 MSA patients (21 MSA-C and
18 MSA-P), with sensitivity rising up to 97.4% when combining
STS loss with putaminal hypointensity at 3 Tesla SWI.51

Kathuria et al observed an abnormal STS appearance in all
14 APS patients included in the study (2 MSA, 12 PSP) com-
pared to 76/86 PD patients.32

Differential Diagnosis of Dementia with
Lewy Bodies (DLB) from Other Forms of
Dementia

The diagnostic value of STS loss in the differentiation of DLB
from other dementias has been examined in three studies. Firstly,
Haller et al observed that STS was absent in a DLB patient,
while two patients with a different dementia, AD and FTD, had
a normal appearing STS.43 Shams et al investigated the appear-
ance of STS using both 1.5 T and 3 T scans in a retrospective
multicenter cross-sectional study with a population of 97 patients
(19 DLB, 21 HCs, 20 Frontotemporal dementia (FTD)), 20 AD
and 17 with mild cognitive impairment (MCI) reporting a con-
sensus overall sensitivity, specificity and diagnostic accuracy of
63%, 79% and 76%, respectively.45 Subsequently Rizzo et al
reported even higher measures of diagnostic accuracy (sensitivity,
specificity and diagnostic accuracy of 80%, 76% and 77%, respec-
tively) in a similarly designed retrospective study of a smaller
population (15 DLB, 11 AD, 8 FTD, 10 HCs) using a field
strength of 3 T.46 The study by Kamagata et al was also con-
ducted using 3 T MRI scanners and had the highest measures of
diagnostic accuracy (sensitivity, specificity and diagnostic accu-
racy of 93%, 87% and 90%, respectively) in a population of
86 subjects (29 DLB, 18 AD, 13 MCI, 26 HCs).44 The authors
compared the results of SWI assessment to DAT-SPECT, in
which lower values for specificity and diagnostic accuracy,
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namely 84% and 88%, were documented. The findings of all
four studies are summarized in Table 1.

STS in Prodromal PD

Regarding the STS appearance in possible prodromal stages of PD,
De Marzi et al assessed STS loss on 3 T SWI MRI in 15 subjects
with idiopathic rapid eye movement sleep behavior disorder (iRBD)
that met the ICSD3 diagnostic criteria, comparing their results to
42 HCs and 104 PD subjects.47 An abnormal STS appearance was
detected in at least 2/3 iRBD patients, similar with the rate in PD
patients and significantly different from HCs, with good inter-rater
agreement. Barber et al reported STS loss approximately in one third
of iRBD patients (11/40, 27.5%), with an inter-rater reliability of
0.93.29 The proportion was significantly different from the propor-
tion in HCs (2/26, 7.7%) and PD patients (24/25, 96%). iRBD
patients with absent STS had a statistically higher probability for pro-
dromal PD, when the MDS research criteria were applied. DaT
SPECT/CT showed abnormalities in 14 iRBD patients, of which
only 8 (57%) had STS absence on SWI. Bae et al reported STS loss
in 11/18 iRBD patients, with an excellent inter-observer agreement
(Cohen’s k between 0.944 and 0.981).48 Moreover, the authors
stated that STS evaluation on 3 T SWI corresponded to 123I-FP-
CIT SPECT findings, with STS loss being significantly lower than
PD patients, but significantly higher compared to HCs. Finally, the
STS was absent in 12/29 iRBD patients and 2/28 healthy controls in
a study by Zhang et al, indicating statistical significance. Table 1 pre-
sents a summary of the above-mentioned studies.49

STS in Other Neurological Disorders

Interestingly, Weber et al investigated the STS using 3 T SWI
MRI in 46 MS patients and 23 HCs.9 They found STS loss in a
significant proportion of MS patients (28/46, 60%) compared to
HCs (4/23, 17%). There were no differences in age, disease dura-
tion or Expanded Disability Status Scale (EDSS) scores between MS
patients with absent or present STS. Moreno-Gambín et al investi-
gated the neuropathologically confirmed TDP-43 aggregation in
the SN of patients with Amyotrophic Lateral Sclerosis (ALS) by
evaluating the STS in a prospectively designed cross-sectional
study.10 Reportedly, 30% of ALS patients had an absent STS, which
however did not correlate with the clinical laterality. STS absence
was significantly linked to male sex and poor prognosis. Surpris-
ingly, STS absence was reported by Cui et al in the context of
neurosyphilis in a 57-year-old Chinese man with progressive cogni-
tive decline, behavioral changes and bilateral hand tremor, initially
misdiagnosed as AD.52 The authors hypothesized the STS as a new
radiological finding in neurosyphilis. Table 2 provides a tabular
summary of the afore-mentioned studies.

The STS in Healthy Individuals

Schmidt et al investigated STS appearance using 7 T SWI MRI
images in 13 healthy subjects with a mean age of 47 years.53

Subjects had no clinical signs of parkinsonism and a negative
family history for PD. The typical dorsolateral SNc swallow-tailT
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shape could be identified in 81% of the participants. Thus, the
STS was absent in 19% of healthy individuals, with authors
suggesting inconsistency due to microstructural organization vari-
abilities of normal STS among healthy individuals.

The study by Gramsch et al, examined the possible association of
advancing age with compromised STS visibility due to increasing
brain iron accumulation.54 The STS of 46 parkinsonism-free sub-
jects (aged 19–75 years) was investigated on 7 T SWI. Normal STS
appearance was found in 93%, with the oldest subjects exhibiting
normal findings. The two studies are included in Table 2.

Conclusion
Swallow tail sign loss and its underlying pathology have been
thoroughly studied in the context of nigrosome-1 susceptibility-
weighted imaging.55 Since reliable neuroimaging biomarkers
could immensely contribute to both early disease detection and
prognostication, STS abnormalities have been explored in a
broad spectrum of neurological pathologies. We conducted a sys-
tematic review including studies of visual evaluation for STS loss
using SWI, excluding quantitative, neuromelanin-sensitive and
diffusion tensor imaging methods. Despite the theoretically more
detailed approach of the latter techniques, they are complex and
still hardly available in everyday clinical practice. Thus, their
review is beyond the scope of the present paper.

For the differentiation of degenerative parkinsonian syndromes
from non-parkinsonian syndromes most studies provided fair to
high diagnostic accuracy. However, one should consider contradic-
tory findings, like the poor specificity for neurodegenerative parkin-
sonism at 1.5T,41 the low sensitivity of SWI compared to other
MRI techniques42 and the disappointingly poor overall diagnostic
performance for the differentiation between PD and HCs.30,50

Based on our qualitative analysis, we attribute discrepancies to dif-
ferences in MRI parameters, experimental groups (disease duration/
staging), neuroradiologists’ experience and study design. For
instance, degenerative parkinsonism groups included APS in some
studies, while others only included PD. Comparator groups con-
sisted of HCs, DCs, non-degenerative movement disorder patients,
or were mixed. As also mentioned by Prasuhn et al, we herein
underscore the lack of a standardized MRI protocol as a source of
heterogeneity,30 with MRI field strength and raters’ experience
comprising crucial factors for good STS performance. We thus
highlight the need for multicenter future studies, with optimized
MRI interpretation between different centers.

Regarding the agreement between nuclear scans and MRI,
Michler et al, reported higher diagnostic value of 6-[18F]
FDOPA PET compared to STS evaluation on SWI,31 with the
authors suggesting the recent symptom onset as a possible con-
tributor to the inconsistency between the two methods. In these
cases, STS evaluation seems to produce a relatively high rate of
false negative results.27,42 This suggestion should admittedly be
of concern, since diagnostic confusion in clinical practice mostly
concerns the early stages of parkinsonism. Similarly, in studies
with reports of good concordance rate between the two

methods, nuclear scans outperformed SWI in terms of sensitivity
and overall diagnostic accuracy22 33; thus, it could be argued that
the STS assessment could be of use for the preselected patients,
distinguishing possible candidates for nuclear scans in cases of
abnormal or ambiguous STS appearance on MRI scans.33

The lateralizing value of STS abnormality in relation to the
most affected side was questioned in the study by Kathuria et al,
in which the mean duration of degenerative parkinsonian syn-
dromes was 3.1 years.32 Studies using nuclear scans have demon-
strated that the asymmetry between the more and less affected
side declines over the course of disease.56 Interestingly however,
satisfactory contralateral correlation was demonstrated in PD
populations with a mean disease duration of 9 months using
either 3D multi-echo data image combination57 and 5.2 years
using high-resolution 3D gradient echo.56 Thus, other than dis-
ease duration could be involved in the correlation of PD asym-
metry and laterality in imaging.

Our review results suggest that STS evaluation in differentiat-
ing between PD and the majority of APS might be of poor diag-
nostic value. Although Wang et al. were able to successfully
delineate PD patients from MSA patients using STS evaluation,51

it should be taken into consideration that most MSA patients had
the cerebellar type of the disease, MSA-C, an entity that has
been argued to sometimes present normal nigrostriatal dopami-
nergic innervation instead of degeneration on nuclear scans.57

We note that the normal STS sometimes found in APS patients
can be attributed to the fact that dopaminergic neurons are
thought to degenerate by a “dying back” mechanism, indicating
a larger extent of terminal loss in the striatum than in the SN.31

We argue, this explanation could also help interpret the relatively
higher rate of disagreement between 6-[18F] FDOPA PET and
STS evaluation in APS, compared to PD, since the first test mir-
rors presynaptic dopaminergic deficit, while the second com-
prises a direct depiction of nigrosome-1 microstructure.

For differentiating DLB from other forms of dementia, data
from STS assessment were encouraging,43–46 as DLB is catego-
rized among synucleinopathies and has an underlying pathology
similar to PD.58 It has been demonstrated that these patients fre-
quently exhibit presynaptic dopaminergic deficits in nuclear
scans.59 Taking into account the lack of reliable, easy-to-perform
neuroimaging biomarkers for clinically ambiguous cases, STS
assessment could play a significant intermediate role in the cor-
rect categorization of patients who would need further workup,
but standardized studies are required in order to reach a safe
conclusion.

It is known that iRBD can precede the manifestation of syn-
ucleinopathies with risk estimates of 17.7% at 5 years and 40.6%
at 10 years.60 The discovery of neuroimaging biomarkers that
could help detect patients with iRBD at high risk for conversion
to PD could be the first step in selecting subjects during the pro-
dromal PD state for early intervention with possible neuro-
protective agents. We present studies with a satisfactory level of
agreement between STS assessment and nuclear scan findings in
iRBD, but further research with longitudinal clinical follow-up
is needed in order to confirm the method’s utility in risk
prediction.
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Our results indicate that STS assessment might be of particular
clinical utility in miscellaneous neurological disorders. Admit-
tedly, the use of iron-sensitive MRI techniques in MS has been
proved useful in the context of disease progression.61 Weber
et al.9 documented significant differences between MS patients
and HCs, regarding the detection of STS loss using 3 T SWI.
Their results are in line with the 2014 study by Blazejewska
et al,62 in which MS patients presented significantly increased
magnetic susceptibility within the SN and the red nucleus, con-
sistent with iron deposition, using T2*-weighted ultra-high-field
7 T susceptibility maps. Interestingly, in both studies no correla-
tion of magnetic susceptibility with disease duration or EDSS
scores of MS patients was found. Further research on susceptibil-
ity changes of the SN in specific MS subgroups (eg, clinically iso-
lated syndrome) might establish the method’s clinical utility in
disease monitoring and give insights or even guide studies on MS
pathophysiology. Regarding ALS, Moreno-Gambín et al have
correlated STS loss with higher upper motor neuron scores and
poorer prognosis.10 Their results are consistent with previously
shown SNc impairment due to TDP-43 aggregation.63 Hence,
despite the need for neuropathological confirmation, SWI STS
loss may comprise a prognostication biomarker in ALS.

The results of eligible studies on the consistency of its appearance
in healthy participants seem to be debatable, with authors hypothe-
sizing individual anatomic variants in the midbrain.53 Indeed, mid-
brain microvessels may cause STS appearance differences in aged
individuals without parkinsonism, as confirmed by the combination
of 7 T MRI and post-mortem histology with iron and myelin
staining.63 Thus, SWI hypointensity is thought to result from local
susceptibility changes, attributed to iron deposits and to vascular
structures containing deoxygenated blood.63 This finding could
explain the false positive results concerning HCs, especially if less
experienced evaluators are involved.

STS evaluation through visual inspection could be an easily
applicable neuroimaging biomarker in everyday clinical prac-
tice. However, despite reports on its robustness regardless of
the rater’s experience,12 the methodology undeniably has
important limitations, associated with its inherent subjectivity.
Firstly, even though the definitions for unilateral and bilateral
STS loss in the included studies were similar or almost identi-
cal, frequent variations of the normal STS appearance were
illustrated (eg, “loop sign”),12 that should be taken into
account by raters. Additionally, Cosottini et al have evaluated
the STS at different midbrain levels, whereas in the majority
of studies, no such detail existed.20 A recent study also
highlighted the need for expert neuroradiologists for correct
STS categorization.38 Understandably, normal variations, the
evaluated midbrain levels and raters’ experience should be
taken into consideration for STS utility in clinical practice.

Advanced quantitative techniques, like the estimation of
free water, QSM and NM-MRI, could have even more repro-
ducible and objective results through the use of standardized
methodologies.64–66 Interestingly, the detection of STS loss and
its size have also been studied using deep-learning algorithms,
with impressive diagnostic accuracy in discriminating PD patients
(including early-stage) from HCs. Nevertheless, these techniques

are available mostly for research purposes in sparse Radiology
departments, rendering their use limited and widely isolated from
everyday clinical routine, at least for the time being.

The loss of the swallow tail sign on SWI has shown significant
diagnostic potential, mainly for the differentiation of degenera-
tive parkinsonian from non-degenerative parkinsonian move-
ment disorders. It remains a promising biomarker for the
discrimination of DLB from other dementias and for the detec-
tion of iRBD patients, who are at high risk for conversion to
PD. We suggest a possible intermediate role of the STS assess-
ment in the diagnostic workup of the above-mentioned patholo-
gies and encourage the future research of STS visualization using
standardized MRI protocols and optimized guidelines for inter-
pretation of results.
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