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Background: Parkinson’s disease (PD) is a progressive neurodegenerative disease
whose main neuropathological feature is the loss of dopaminergic neurons of the
substantia nigra (SN). There is also an increase in iron content in the SN in postmortem
and imaging studies using iron-sensitive MRI techniques. However, MRI results are
variable across studies.

Objectives: We performed a systematic meta-analysis of SN iron imaging studies in PD
to better understand the role of iron-sensitive MRI quantification to distinguish patients
from healthy controls. We also studied the factors that may influence iron quantification
and analyzed the correlations between demographic and clinical data and iron load.

Methods: \We searched PubMed and ScienceDirect databases (from January 1994
to December 2019) for studies that analyzed iron load in the SN of PD patients
using T2*, R2*, susceptibility weighting imaging (SWI), or quantitative susceptibility
mapping (QSM) and compared the values with healthy controls. Details for each study
regarding participants, imaging methods, and results were extracted. The effect size and
confidence interval (Cl) of 95% were calculated for each study as well as the pooled
weighted effect size for each marker over studies. Hence, the correlations between
technical and clinical metrics with iron load were analyzed.

Results: Forty-six articles fulfilled the inclusion criteria including 27 for T2*/R2*
measures, 10 for SWI, and 17 for QSM (3,135 patients and 1,675 controls). Eight of
the articles analyzed both R2* and QSM. A notable effect size was found in the SN in
PD for R2* increase (effect size: 0.84, 95% CI: 0.60 to 1.08), for SWI measurements
(1.14, 95% ClI: 0.54 to 1.73), and for QSM increase (1.13, 95% CI: 0.86 to 1.39).
Correlations between imaging measures and Unified Parkinson’s Disease Rating Scale
(UPDRS) scores were mostly observed for QSM.

Conclusions: The consistent increase in MRI measures of iron content in PD across
the literature using R2*, SWI, or QSM techniques confirmed that these measurements
provided reliable markers of iron content in PD. Several of these measurements
correlated with the severity of motor symptoms. Lastly, QSM appeared more robust and
reproducible than R2* and more suited to multicenter studies.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative
disease whose main neuropathological characteristic is the loss
of dopaminergic neurons of the substantia nigra (SN) pars
compacta (SNc) (1). Degeneration of dopaminergic neurons
in the SN of PD patients is accompanied by an increase in
iron content. Iron is necessary for body homeostasis, oxygen
transport, or central nervous system development, but its
capacity of producing reactive oxygen species that lead to stress
oxidation can have a deleterious effect on the SN of PD patients.
Iron also plays an important role in the neurodegenerative
processes associated with PD (2-4).

Iron is a paramagnetic element that induces magnetic field
inhomogeneities, that is, differences in the local magnetic
field relative to the mainly diamagnetic surrounding brain
tissues. Iron-induced local field inhomogeneities increase spin-
spin interactions, thus accelerating the transverse relaxation
of the MRI signal (5). This property can be exploited to
estimate iron content using MRI based on a reduction in
T2* relaxation time or an increase in R2* (1/T2*), phase
changes in susceptibility-weighted imaging (SWI), or increased
susceptibility values on quantitative susceptibility mapping
(QSM). Based on these techniques, iron-sensitive MRI provides a
noninvasive estimation of iron content as shown in primate and
postmortem studies in humans (6, 7). Recent studies using iron-
sensitive MRI in PD have investigated whether iron increase in
basal ganglia, particularly in the SN, can be used as a biomarker
in PD diagnosis and follow-up of iron content in the disease.

Studies using iron-sensitive MRI to quantify iron content in
PD have reported variable results. Some have reported increased
iron content over the global SN (8-11). Others have only reported
increased iron contents in some SN subregions (12, 13) or have
not reported any increase in iron levels (14). Moreover, the
role of iron for monitoring disease progression in PD and its
correlation with clinical symptoms is still under debate (15-17).
Finally, to estimate iron content, a wide variety of techniques
have been employed, and no systematic comparison of the results
from these studies has yet been carried out. Thus, to elucidate
the current role of iron-sensitive MRI in PD and its potential
application as a biomarker of PD diagnosis, we carried out a
systematic review of publications employing iron-sensitive MRI
to study SN in PD. We sought to determine whether MRI of
iron using R2*, SWI, or QSM measurements could successfully
distinguish PD patients from healthy controls (HCs), showing the
pathological increase in iron of the SN. We also investigated the
factors that could influence iron quantification and analyzed the
correlations between demographic and clinical data and iron load
in the SN.

METHODS

Articles Review

The study was performed in accordance with the
“Preferred  Reporting Items for Systematic Reviews

and Meta-analysis” (PRISMA)
(Supplementary Table 1) (18).

statement and checklist

To identify all the relevant literature on iron-sensitive MRI
in the SN in PD, PubMed and ScienceDirect databases (from
January 1994 to December 2019) were searched. A combination
of the following search term was used: (“Parkinson” OR
Parkinsonism OR substantia nigra) AND (“magnetic resonance
imaging” OR MRI) AND (R2* OR SWI OR QSM OR
susceptibility). All titles and abstracts from the retrieved articles
were screened, and the full text of those that could be eligible was
obtained. Reference lists of identified studies were also screened
for additional studies. Two independent assessors (CSM and
NP) performed this literature search, selected all relevant studies
based on the Patient, Intervention, Comparison, Outcome, and
Study type (PICOS) guidelines, and extracted all the information
on iron estimation from the selected studies (18).

Criteria for study inclusion were publication as a full-text
original article redacted in English, the use of iron-sensitive MRI
as a diagnostic tool (T2*, R2*, SWI, or QSM), availability of iron
level estimation in the SN, and the differentiation of participants
with PD from HCs. For PD, a probable diagnosis based
on standard diagnostic criteria was considered sufficient for
inclusion (19). Articles using additional non-iron-sensitive MRI
techniques, analyzing additional regions of interest other than the
SN, or investigating additional pathologies other than PD were
also included. In the case of multiple publications on the same
population or overlapping populations, the study describing
results in the largest number of subjects was included in the
meta-analysis (20, 21). Studies in the same study populations
were included when they reported results in different parts of
the SN or the ipsilateral and contralateral hemispheres separately.
For longitudinal trials, only the data from the first period were
included. The articles were included if the measurements on
the level of SN were available. We did not reject articles if
other techniques along with R2*, other regions of interest, or
other pathologies along with PD were studied. Criteria for study
exclusion comprised unavailability of any iron-sensitive MRI
analysis (R2*, QSM, or SWI) in the SN or of the numerical results
or absence of a HC group.

For each study, when available, the following information
on the subject population was extracted: mean age of PD
and HC subjects, disease duration, severity of PD [Hoehn
and Yahr (HY) stage and Unified Parkinson’s Disease Rating
Scale (UPDRS)], and medication dose. For iron imaging, the
following information was extracted: magnetic field strength,
scanner vendor, number of echoes for T2* measurements, type
of measurements (R2* or T2*, SWI, or QSM), and region-
of-interest (ROI) location. Mean and standard deviation (SD)
of the different metrics were recorded (R2*, SWI, and QSM).
One article only provided the ranges of the values (22). Four
articles did not report values as mean £ SD but as median
(range) (10, 16, 23, 24).

Statistical Meta-Analysis

Statistical parameter computation was performed using in-house
software written in MATLAB R2016a software (the MathWorks,
Inc., Natick, MA, USA). The meta-analysis was conducted in
R version 3.5.1 (R Development Core Team, 2018) using the
meta package (25). A random-effect model based on restricted
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maximum likelihood estimator of the between-studies variance
was used.

Data Extraction

The mean and SDs of R2*, SWI, and QSM measurements in the
SN were extracted from the tables or the body of the manuscript
when tables were unavailable. If values were only available as
part of a diagram, the values were extracted using manual
measurement on an image editing tool (GIMP, version 2.8) on
three separate occasions (1 day apart) and averaged.

In the studies where only the median value and range of values
were available, the mean and SD were estimated as previously
described (26).

To combine T2* and R2* values from separate studies into
a single analysis, all T2* values were converted to R2*, with the
formula R2* = 1/T2*.

Effect Size

Effect size was computed as the standardized mean difference
(Hedge’s g) by subtracting the mean of the HC group from that
of PD patients divided by the pooled standard deviation (25).
Each g was weighted by the inverse of its variance and adjusted
for small sample bias (27). The pooled effect size was calculated
separately for R2*, SWI, and QSM. To allow comparability within
the meta-analysis, when the SN was subdivided into several ROIs
and R2*, SWI, or QSM values for the entire SN were not available,
the mean value over the SN region was calculated (10, 17, 28-33).
If the mean values were separately presented for PD patients with
different severity levels, they were weighted and averaged. SWI
articles used different techniques, and Hedge’s g was assumed
as the absolute value of the result. An effect size of g > 0.70
was considered as a large effect. Confidence interval (CI) of 95%
was calculated using the standard error (SE). A fixed-effect or
random-effect (restricted maximum likelihood) model was used
based on the Q statistics.

Between-Study Heterogeneity

The across-study heterogeneity for all the articles included in
the meta-analysis was analyzed by calculating Cochrane’s Q
and I statistic. Values range from 0.0% (no heterogeneity)
to 100% (high heterogeneity); values of 25%, 50%, and 75%
have been suggested as benchmarks of low, moderate, and high
heterogeneity, respectively (34).

Outliers

Effect sizes greater than three standard deviations from the mean
were considered outliers. Results were reported with and without
outliers (35).

Risk of Bias

The risk-of-bias analysis in individual studies was performed
with a tool for the quality assessment of studies of diagnostic
accuracy (QUADAS). The rating was performed by two
independent raters (NP and CSM), and discordant ratings were
resolved by consensus. The QUADAS questionnaire included
14 items covering the following issues: reference standard,
covered patient spectrum, verification bias, disease progression
bias, review bias, incorporation bias, clinical review bias,

test execution, indeterminate results, and study withdrawals
(Supplementary Table 2). Publication bias across studies for
each outcome measure was examined by visually inspecting the
funnel asymmetry plot and by applying the Egger regression
intercept test.

Other Statistical Tests

Between-group differences; differences in R2*, SWI, and QSM
values between SN subregions; the effect of magnetic field
strength; the effect of MRI vendor; and the effect of ROI
delineation methods were assessed using the nonparametric
Wilcoxon, Mann-Whitney, and Kruskal-Wallis test.

Correlations

To assess the relationship between R2*, SWI, and QSM values
with the clinical characteristics of patients [age, disease duration,
UPDRS levels, H&Y stage, or technical parameters (number of
echoes and voxel size)], a correlation analysis was performed.
Correlation coefficients were computed between R2*, SWI, and
QSM values and the clinical scores. To correct for multiple
comparisons across several clinical scores, an approximate
multivariate permutation test was conducted, and the sampling
distribution was built to calculate the corrected p-value as
the proportion of values that were larger than the observed
correlation coeflicient value (36).

RESULTS

The search of the database revealed 479 results in both PubMed
and 1,425 ScienceDirect databases. After applying inclusion
and exclusion criteria on the basis of titles and/or abstracts,
86 full-text articles were reviewed. Of these, 40 articles were
excluded for the following reasons: the average R2*, QSM, or
SWI results in the SN were not measured or not explicitly
reported (n = 28), presence of duplicated data (n = 4),
review articles (n = 8). Forty-six studies were included in the
meta-analysis: 3 T2* based, 24 R2* based, 10 SWI, and 17
QSM-based (Supplementary Figure 1). Eight of these studies
presented measurements for both R2* and QSM. We show the
relevant publications, population characteristics, and technical
details of the included studies in Tables 1, 2 for R2*, Tables 4,
5 for SWI, and Tables 7, 8 for QSM.

No significant publication bias was identified by a funnel
plot and Egger regression intercept test. The funnel plots
were symmetrical, and the Egger regression intercept test
had no significant publication bias for the meta-analysis
of R2*, SWI, and QSM changes (p = 0.13, p = 0.58,
and p = 0.45, respectively, Supplementary Figures 2-4). The
risk-of-bias analysis in individual studies is presented in
Supplementary Table 2.

Regions of Interest in the SN

All included studies investigated differences in R2*/T2*, QSM,
or SWI in the SN. Mean and SDs of R2* or T2*, SWI, and
QSM were extracted for each ROI delineated in each study.
In all the studies, SN ROIs were either manually drawn or
calculated by using semiautomatic methods followed by manual
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TABLE 1 | Demographic and clinical data of subjects of the articles included in the R2" meta-analysis.

References Age PD Disease duration PD UPDRS level PD H&Y PD LEDD PD Age HC
Ordidge et al. (22) 47-72 2-13 N/A 1.5-3 N/A 47-72
Graham et al. (9) 61.4(7.3) 11.1(4.5) N/A N/A N/A 64.0 (6.6)
Martin et al. (28) 61.9 (9.0) 3.2(1.7) 16.7 (7.1) N/A N/A 55.9 (7.3)
Baudrexel et al. (32) 62.2 (10.2) 4.0(2.3) 18.3 (6.1) 1.7 (0.5) N/A 62.3(10.8)
Péran et al. (29) 61.9 (11.1) 4.5(2.5) 12.0(5.9) 1.7 (0.5) 886.8 (399.5) 57.4(9.7)
Focke et al. (37) 66.3 (7.8) N/A N/A N/A N/A 67.6 (10.5)
Du et al. (20) 60.8 (8.2) 2(4.7) 23.5(15.1) 1.8(0.6) 528.0 (401.0) 59.8 (7.0)
Bunzeck et al. (33) 66.3 (9.0) 3 (4.4) 34.6 (17.4) N/A 393.8 (339.0) 66.0 (9.1)
Rossi et al. (23) 67.5(12.9) 4(1.0) 25(11.8) N/A N/A 67.0 (6.5)
Ulla et al. (13) 60.2 (10.7) 7(4.4) 12.1(8.5) 1.9(0.7) 614.0 (317.0) 57.0 (8.5)
Lewis et al. (38) 60.6 (8.0) 4(4.7) 23.8 (15.4) 1.7 (0.6) 535.0 (400.0) 59.9 (7.0)
Barbosa et al. (39) 66.0 (8.0) 1(4.1) N/A 2.3(0.6) N/A 64.0 (7.0)
He et al. (31) 58.0 (8.8) 8(1.6) 15.6 (6.22) 1.4 (0.5) N/A 60.5 (6.5)
Murakami et al. (40) 72.0 (7.5) 7(2.3) N/A 2.0(0.6) N/A 69.7 (8.6)
Pyatigorskaya et al. (8) 54.3 (10.9) 2(4.2) 18.6 (9.1) 1.6 (0.6) N/A 55.8 (7.4)
Reimao et al. (26) 65.1(9.2) 1-5 27.4 (12.8) 2.0 (0.0 N/A 61.2 (7.3)
Wieler et al. (41) 59.8 (7.3) 1.8 (1.3 14.3 (5.1) N/A N/A 56.0 (6.9)
Guan et al. (30) 55.4 (9.5) 4.7 (3.8) 27.1 (15.4) 2.2(0.7) N/A 56.6 (9.9)
Hopes et al. (10) 60.4 (3.2) 5.1(0.6) 28.8 (2.6) 1.9(0.2) N/A 60.0 (2.4)
Isaias et al. (12) 62.8 (9.0) 7.5(3.57) 14.5 (5.78) 2 502.0 (183.0) 60 (8.74)
Langkammer et al. (42) 64.7 (8.8) 3.4 31.3 (14.6) 2 (0.5 182.5 (436.9) 65 59.3)
Du et al. (43) 66.3 (9.5) 4.5 (4.5) 21.5(14.7) 1.7 (0.7) 669.0 (464.0) 66.2 (10.2)
64.5 (9.2) .3 (4.1) 19.8 (5.9 N/A N/A 63 (9)

Langley et al. (13) 63.6 (7.0) 1(4.6) 22.2 (12.4) N/A N/A 63.1(7.2)
Pesch et al. (16) 59.5 (3.5) 4.9(1.5) 34 (10.1) N/A N/A 65.5 (4.7)
Ghassaban et al. (44) 61.8 (6.4) N/A N/A N/A N/A 63.4 (8)
Arribarat et al. (11) 65.2 (6.6) 6.8 (4.7) 11.4 (4.9 N/A N/A 66 (4.9)
Lietal (14) 68.2 (6.1) N/A 27 (15.7) N/A N/A 64.8 (8)

Data are presented as mean (STD). N/A, not available.

correction. In all studies, one or two reviewers blinded to the
subject characteristics analyzed the MRI images and drew the
contours of the SN (or its different subregions) by hand. As
for studies using R2* MRI, 16 studies drew the SN ROI on
anatomical images [T2-weighted images (8, 9, 11, 20, 38, 43),
T2*-weighted images (10, 12, 13, 17, 22, 28, 29, 41), or T1-
weighted (16, 24)], and nine used quantitative maps [six used
QSM maps (14, 30, 31, 39, 42, 44), one used an R2* map (40),
one used a T2* map (23), one used a T1 map (32), two used
magnetization transfer (MT) images, and one of them combined
with an anatomical T1-weighted image (33, 37)]. The majority
of studies assumed that the SN corresponded to the hypointense
region on T2-weighted images between the red nucleus and the
cerebral peduncle (8, 10, 20, 23, 38). For SWI (12, 23, 45-52) and
QSM studies (14, 30, 31, 39, 40, 42-44, 53-61), all ROIs were
manually segmented on the phase or QSM images.

Some studies placed ROIs in different subregions of the SN.
In the R2*-based studies, some divided the SN into SNc¢ and
SN pars reticulata (SNr) (17, 28, 30, 39, 47, 51), defining the
SNr as a hyperintense or hypointense region (depending on the
image contrast) in the ventrolateral midbrain and the SNc as
the region between the SNr and red nucleus (28, 30, 41). In

three studies, rostral and caudal SNs were defined as the upper
and lower parts of the SN (20, 32). Also, several articles studied
the differences between the SN contralateral (opposite side) or
ipsilateral (same side) to the most affected limb of the body
(20, 31, 32, 49, 53). Three others analyzed the lateral, central, or
medial of the SN separately. As for the SWI-based studies, two
divided the SN into SNc and SNr (47, 51), two in ipsilateral and
contralateral SNs (12, 49), and one divided the SNc into lateral
and medial (23). As for the QSM-based studies, three measured
the magnetic susceptibility in the ipsilateral and contralateral SNs
(31, 53, 57), seven in SNc and SNr (30, 39, 43, 54, 56-58), and
two in the anterior and posterior SNs (53, 55). The subregion
segmentations were mostly performed on QSM images, while one
study also used neuromelanin-sensitive imaging to help the SNc
delineation (56).

Group Comparisons and Effect Sizes

R2* Meta-Analysis

Searching the database returned 27 R2*/T2*-based articles. The
R2* meta-analysis included a population of 1,629 subjects with
879 PD patients and 750 HCs. Among all studies, the mean age
of the patients (62.8 &£ 3.7 years, range 54 to 72 years) did not
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TABLE 2 | Technical characteristics of the studies included in the R2" meta-analysis.

References Magnetic field MRI machine Method ROls drew in No. echoes Voxel size
Ordidge et al. (22) 3T Magnex Scientific Ltd. T2* T2* weighted 6 N/A

Graham et al. (9) 15T Marconi Medical Systems R2* T2 weighted 6 09x09x25
Martin et al. (28) 3T Magnex Scientific Ltd. R2* T2* weighted 6 23x23x50
Baudrexel et al. (32) 3T Siemens T2* T1 map 8 1.0x1.0x 2.0
Péran et al. (29) 3T Siemens R2* T2* weighted 6 1.8x1.8x%x1.8
Focke et al. (37) 3T Siemens R2* T1 MPRAGE + MT 5 1.7 x 1.7 x1.7
Du et al. (20) 3T Siemens R2* T2 weighted 6 1.0x 1.0x 1.0
Bunzeck et al. (33) 3T Siemens R2* MT 6 1.0x 1.0x 1.0
Rossi et al. (23) 3T Siemens R2* T2* map 5 0.6 x 0.6 x 4.0
Ulla et al. (13) 15T Siemens R2* T2* weighted 6 22x22x25
Lewis et al. (38) 3T Siemens R2* T2 weighted 6 1.0x1.0x1.0
Barbosa et al. (39) 3T Philips R2* QSM 4 05x05x20
He et al. (31) 3T GE R2* QSM 8 05x%x05x20
Murakami et al. (40) 3T GE R2* R2* map 11 156 x25x15
Pyatigorskaya et al. (8) 3T Siemens R2* T2 weighted 6 20x20x20
Reimao et al. (26) 3T Philips T2* Spin-echo T1 neuromelanin sensitive 7 1.2x09x4.0
Wieler et al. (41) 3T Magnex Scientific Ltd. R2* T2* weighted 6 23 x23 x50
Guan et al. (30) 3T GE R2* QsSM 8 0.8 x08x28
Hopes et al. (10) 3T Philips R2* T2* weighted 15 20x20x20
|saias et al. (12) 3T Philips R2* T2* weighted 2 Tx1x1
Langkammer et al. (42) 3T Siemens R2* QSM 6 09 x09x20
Du et al. (21) 3T Siemens R2* T2 weighted 8 09x09x20
Langley et al. (13) 3T Siemens R2* T2* weighted 6 05x05x1
Pesch et al. (16) 3T Philips R2* 3D T1 weighted N/A 15x15x15
Ghassaban et al. (44) 3T GE R2* QSM N/A 0.86 x 0.86 x 1
Arribarat et al. (11) 3T Siemens R2* T2 weighted 6 1.8x1.8x1.8
Lietal. (14) 3T Siemens R2* QsSM 8 0.63 x 0.63 x 2.0

differ from that of the HCs (61.0 & 4.3 years, p = 0.35). Disease
duration was 5.3 &= 2.2 (range 1.4 to 11.1 years). UPDRS scores
were 21.9 £ 7.8 (range 12.0 to 34.6). HY score was 1.9 & 0.3
(range 1.4 to 2.6). The levodopa-equivalent daily dose (LEDD)
was specified in eight articles, with a mean of 539.4 £ 204.6 mg
(Table 1). The between-study variation was I = 78%, which
indicated a relatively high heterogeneity between studies. For R2*
measurements, the standardized mean difference was 0.84 with a
CI of 95% between 0.60 and 1.08 (range: 0.16 to 4.36, p < 0.001,
Table 3, Supplementary Figure 5). R2* ranged from 23.70 to
54.02 s~ (mean 36.88 + 7.51 s~ 1) for PD patients and from 21.20
to 45.78 s~! (mean 33.28 + 6.44 s~!) for HCs (p = 0.03). One
study was an outlier with effect sizes greater than three standard
deviations (10). After the outlier was excluded, the heterogeneity
was I = 36%, indicating that moderate heterogeneity and
standardized mean difference was 0.70 with a CI of 95% between
0.56 and 0.84 (range: 0.16 and 2.72, p = 0.04, Figure 1). R2*
ranged from 23.70 to 54.02 s~! (mean 36.63 £ 7.44 s~1) for PD
patients and from 21.20 to 45.78 s~! (mean 33.12 £ 6.52 s71)
for HCs (p = 0.04). All studies have shown a relative increase
in R2* values in PD. Differences existed in R2* values between
studies that used anatomical images (T1 or T2 weighted) to
draw the ROIs or QSM maps. Anatomical-based ROI had lower
R2* values (mean 33.3 £ 8.9 s7!) than QSM-based ROI (mean

38.1 + 7.3 s7!, p = 0.33) and higher Hedges g (1.3 & 1.2 vs.
0.6 & 0.2, p = 0.07), but these differences were not significant.
As for the SN subregions, increased iron contents were observed
at the level of the SNc in PD, while there were no significant
changes in iron content in the SNr (p = 0.003 vs. p = 0.07), with
effect size significantly higher in the SNc compared to the SNr
(1.78 vs. 1.23, respectively, p = 0.09). R2* was increased in the
lateral compared to medial SNc (p = 0.02 and 0.06, respectively)
with nonsignificantly higher effect size in lateral than in median
SNc (0.86 vs. 0.52, respectively, p = 0.11) possibly due to the low
number of articles reporting distinct measurements, while both
ipsilateral and contralateral sides had the same effect size (0.95 vs.
0.93, p = 0.89) with no difference for R2* (p = 0.31) (Figure 2).

SWI Meta-Analysis

Searching the database returned 10 SWI-based articles. The SWI
meta-analysis included a population of 655 subjects with 361 PD
patients and 294 HCs (Table 4). Among all studies, the mean age
of the patients (62.2 = 3.6 years, range 56 to 67 years) did not
differ from that of the HCs (59.9 £ 4.7 years, p = 0.17). Disease
duration was 4.3 & 2.3 (range 1.4 to 8.1 years). UPDRS scores
were 20.2 £ 6.9 (range 14.8 to 31.5). HY score was 2.1 £ 0.4
(range 1.8 to 2.7). The LEDD was specified in two articles only,
with a mean of 532.5 £ 43.13 mg. The between-study variation of
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TABLE 3 | Meta-analysis results: SWI mean values of PD and HC were used to calculate the effect size value and confidence interval.

References SN division PD HC Hedge’s g SE Confidence interval
N Mean SD N Mean SD Low High
Ordidge et al. (22) GlobalNA 7 45.68 2.69 7 37.59 2.87 2.72 0.77 1.22 4.23
Graham et al. (9) Global* 20 23.70 3.50 13 21.20 2.60 0.76 0.37 0.05 1.48
Martin et al. (28) SNc lateral™ 22 26.90 2.80 11 22.80 2.80 1.43 0.41 0.62 2.23
SNc medial* 29.00 7.20 25.90 7.30 0.42 0.37 -0.31 1.15
SNr lateral 35.80 5.50 37.90 5.50 -0.37 0.37 —1.10 0.36
SNr medial 38.40 5.80 39.90 5.90 -0.25 0.37 —0.98 0.48
Baudrexel et al. (32) Rostral ipsilateral* 20 2717 3.14 20 24.45 2.28 0.97 0.34 0.31 1.63
Rostral contralateral* 28.01 3.86 25.32 2.64 0.80 0.34 0.15 1.44
Caudal ipsilateral 19.60 10.40 21.65 10.10 -0.20 0.33 -0.82 0.43
Caudal contralateral 20.04 10.60 20.75 7.90 -0.07 0.32 —0.69 0.55
Péran et al. (29) Right*** 30 33.34 4.72 22 29.89 2.08 0.90 0.30 0.31 1.46
Left™* 32.27 3.90 29.02 2.11 0.99 0.30 0.40 1.56
Focke et al. (37) Right 12 32.42 5.58 13 31.31 5.15 0.20 0.40 —0.59 0.99
Left 33.03 4.30 30.20 4.30 0.64 0.41 —-0.17 1.44
Du et al. (20) Global*** 40 33.40 5.42 28 28.70 419 0.94 0.26 0.43 1.45
Ulla et al. (13) SNc** 27 22.58 0.68 26 20.65 0.60 2.96 0.40 2.18 3.75
SNr* 27.07 1.26 25.09 0.92 1.76 0.34 1.13 2.40
Rossi et al. (23) Medial SNc*** 37 51.00 10.00 21 43.00 7.00 0.87 0.29 0.31 1.43
Lateral SNc*** 50.00 10.00 42.00 6.00 0.90 0.29 0.34 1.46
Bunzeck et al. (33) Left 20 30.00 8.00 20 26.00 3.00 0.65 0.33 0.01 1.29
Right 31.00 8.00 28.00 3.00 0.49 0.32 —-0.14 1.12
Lewis et al. (38) Global** 38 31.00 5.00 23 27.00 4.00 0.85 0.28 0.31 1.39
Barbosa et al. (39) SNc* 20 52.80 11.70 30 47.70 8.40 0.51 0.32 —0.06 1.09
Global* 47.70 8.50 45.70 6.50 0,27 0.29 —0.30 0.84
He et al. (31) Contralateral* 44 38.90 5.91 35 34.90 4.41 0.75 0.24 0.29 1.21
Ipsilateral 38.10 5.26 34.90 4.41 0.65 0.23 0.19 1.10
Reimao et al. (26) Global 22 54.02 19.39 10 4437 17.95 0.50 0.39 —0.26 1.25
Lateral 46.60 19.28 35.45 7.58 0.65 0.39 —0.11 1.42
Central 50.07 22.47 40.97 10.46 0.45 0.39 —0.30 1.21
Medial 58.27 15.96 49.77 17.78 0.50 0.39 —0.26 1.26
Murakami et al. (40) Global* 21 30.10 1.50 21 29.00 2.00 0.61 0.32 —0.01 1.23
Pyatigorskaya et al. (8) Global* 20 27.80 1.50 20 25.10 2.10 1.45 0.36 0.75 2.15
Wieler et al. (41) Lateral SNc* 19 26.23 3.08 13 22.82 5.13 0.83 0.38 0.09 1.56
Guan et al. (30) SNc* 60 28.18 3.57 40 25.25 3.03 0.86 0.22 0.45 1.28
SNr 43.79 5.28 40.94 5.71 0.52 0.21 0.11 0.93
Hopes et al. (10) Left* 70 46.44 217 20 37.60 0.87 4.46 0.42 3.64 5.29
Right* 46.22 2.31 36.90 1.16 4.37 0.42 3.56 5.18
Isaias et al. (12) Ipsilateral 18 4117 10.96 18 37.47 5.16 0.42 0.34 —-0.24 1.08
Contralateral 43.30 10.01 39.09 5.74 0.50 0.34 —-0.16 117
Langkammer et al. (42) Global* 66 41.10 8.70 58 37.60 5.80 0.46 0.18 0.11 0.82
Du et al. (43) SNc*** 72 28.00 0.40 62 25.90 0.40 5.22 0.37 4.51 5.93
SNr 41.50 1.00 37.30 1.10 3.98 0.30 3.40 4.58
Langley et al. (13) SNc cohort 1 32.50 5.60 32 27.50 4.30 0.98 0.26 0.48 1.48
SNr cohort 1* 37.80 5.40 32 35.40 5.20 0.44 0.25 —0.03 0.93
SNc cohort 2*** 42 34.30 4.90 46 29.50 4.40 1.02 0.23 0.58 1.47
SNr cohort 2 40.70 6.00 39.20 8.40 0.20 0.21 -0.22 0.62
Pesch et al. (16) Global 35 49.35 6.46 35 45.78 2.98 0.71 0.25 0.22 1.18
Ghassaban et al. (44) Right* 25 42.00 4.00 24 39.00 4.00 0.74 0.30 0.16 1.32
Left* 25 43.00 4.00 39.00 4.00 0.98 0.31 0.39 1.58
Arribarat et al. (11) Posterior 18 25.96 3.12 21 2502 2,14 0.35 0.33 —0.29 0.98
Anterior* 31.05 3.61 27.26 2.97 1.13 0.35 0.45 1.81
Global*™* 34.47 3.03 29.96 2.97 1.47 0.36 0.76 2.19
Lietal (14) Global 28 35.78 5.08 28 35.37 4.35 0.09 0.27 —0.44 0.61

All SN subdivisions are included. *Significantly different from controls (p < 0.05). **Significantly different from controls (p < 0.005). ***Significantly different from controls (p < 0.001).

NA, non available.
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Forest Plot R2Star values

PD HC Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Ordidge 1994 7 4568 2.6900 7 37.59 2.8700 i —=—— 272 [1.14;431] 0.7%
Graham 2000 20 23.70 3.5000 13 21.20 2.6000 —i— 0.77 [0.04;1.49] 2.8%
Martin 2008 22 3253 53300 11 31.63 5.3800 —— 0.16 [-0.56;0.89] 2.8%
Peran 2010 30 32.81 4.3100 22 29.46 2.1000 —E— 0.93 [0.35;1.51] 3.9%
Bauxedrel 2010 20 39.02 7.0000 20 36.04 5.7300 - 0.46 [-0.17;1.09] 3.5%
Focke 2011 12 32.73 5.0700 13 31.08 5.0300 —8- 0.32 [-0.47;1.11] 2.5%
Du 2012 40 33.40 54200 28 28.70 4.1900 -5 0.94 [0.43;1.45] 4.6%
Ulla 2013 27 2482 09700 26 22.87 1.6600 —E— 142 [0.81;2.03] 3.7%
Bunzeck 2013 20 30.50 8.0000 20 27.00 3.0000 —I— 0.57 [-0.07;1.20] 3.5%
Lewis 2013 38 31.00 5.0000 23 27.00 4.0000 - 0.85 [0.31;1.39] 4.3%
Barbosa 2015 20 47.70 85000 30 45.70 6.5000 - 0.27 [-0.30;0.84] 4.0%
He 2015 44 38.50 5.5900 35 34.90 4.4100 0.70 [0.24;1.16] 5.2%
Reimao 2015 22 54.02 19.3900 10 44.37 17.9500 -—l:— 0.50 [-0.26; 1.25] 2.6%
Murakami 2015 21 30.10 1.5000 21 29.00 2.0000 —E— 0.61 [-0.01;1.23] 3.6%
Pyatigorskaya 2015 20 27.80 1.5000 20 25.10 2.1000 —— 1.45 [0.75;2.15] 3.0%
Guan 2016 60 36.00 4.7500 40 33.00 4.5000 = 0.64 [0.23;1.05] 5.9%
Isaias 2016 18 4224 104900 18 38.28 5.4500 8- 0.46 [-0.20;1.13] 3.2%
Langkammer 2016 66 41.10 8.7000 58 37.60 5.8000 = 0.46 [0.11;0.82] 6.7%
Du 2018 72 34.75 3.9300 62 31.60 3.9000 . 0.80 [0.45;1.15] 6.8%
Langley 2019 37 35.15 55000 32 31.45 4.7500 =+ 0.71 [0.22;1.20] 4.9%
Langley 2019 42 3750 54500 46 34.35 6.4000 L3 0.52 [0.10;0.95] 5.7%
Pesch 2019 35 49.35 6.4600 35 45.78 2.9800 £+ 0.70 [0.22;1.19] 4.9%
Ghassaban 2019 25 4250 4.0000 24 39.00 4.0000 - 0.86 [0.27;1.45] 3.8%
Arribarat 2019 18 34.47 3.0800 21 29.96 2.9700 —E— 1.47 [0.76;2.19] 2.9%
Li 2019 28 3578 5.0800 28 35.37 4.3500 - 0.09 [-0.44;0.61] 4.5%
Random effects model 764 663 S 0.70 [ 0.56; 0.84] 100.0%

Heterogeneity: 12 = 36%, 1> = 0.0431, p = 0.04 ' ' ' I

FIGURE 1 | Forest plot of significant R2* values of the 26 articles included in the meta-analysis. Forest plot of the computed disease effect sizes (Hedge's g, x-axis) of
studies included into the meta-analysis on R2* measures of the substantia nigra when comparing PD patients and controls. Pooled SMD (95%) (0.7, [0.56, 0.84]) is
denoted by a blue diamond.
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FIGURE 2 | Graphical representation of the different effect sizes in each division of the SN ROIs using R2*.
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TABLE 4 | Demographic and clinical data of subjects of the articles included in the SWI meta-analysis.

References PD HC
Age Disease duration UPDRS H/Y LEDD (mg) Age
Gupta et al. (45) 61.5(5.9) 8.1(3.9 21.4 (14.6) N/A N/A 54.9 (3.1)
Zhang et al. (49) 58.7 (12.8) 3.6(2.9 19.0 (7.8) N/A N/A 57.3(11.6)
Jin et al. (50) 59.8 (11.1) 3.1@3.0 14.8(9.2) 1.75(0.8) N/A 57.36 (13.4)
Lotfipour et al. (51) 64.7 (13.9) N/A N/A 1.8 (0.83) N/A 59.2 (8.6)
Wang et al. (46) 63.3 (10.6) 25(1.7) N/A N/A N/A 59.4 (11.8)
Rossi et al. (23) 67.5(12.9) 1.4 (1.0) 25(11.8) N/A N/A 67.0 (6.5)
Wang et al. (47) 67.7 (9.3) 3.0(2.7) N/A 13 <25 N/A 64.3 (12.7)
7>3
Wu et al. (48) 65.6 (5.8) N/A N/A 2.58 (1.29) N/A 66.5 (6.0)
Isaias et al. (12) 62.8 (9.0) 7.5(3.57) 14.5 (5.78) 2 502 (183) 60 (8.7)
Martin-Bastida et al. (52) 55.8(7.2) 5.4 (2.5) 31.5(11.6) 1.9 (0.5) 563 (344) 53.1 (11.7)

Data are presented as mean (STD). N/A, not available.

TABLE 5 | Technical characteristics of the studies included in the SWI meta-analysis.

References Technical aspects
Magnetic field Vendor Method ROIs drawn in Voxel size (mm3)

Gupta et al. (45) 15T Siemens Hypointensity scores SWI N/A

Zhang et al. (49) 3T Siemens Phase shift Phase images 0.5 x 0.5

Jin et al. (50) 3T GE Phase values Phase images 08 x09x2

Lotfipour et al. (51) 7T Philips Relative susceptibility Modulus images and then applied to SWI Protocol A: 0.7 x 0.7 x 0.7
Protocol B 0.4 x 0.4 x 0.5

Wang et al. (46) 15T Siemens Phase shift Phase images 05x1x2

Rossi et al. (23) 3T Siemens SWI contrast Phase images 09x09x15

Wang et al. (47) 3T GE Phase values Phase images 05x08x2

Wu et al. (48) 3T Philips Phase values Phase images 05x06x1.5

Isaias et al. (12) 3T Philips Phase values Phase images Tx1x1

Martin-Bastida et al. (52) 3T Siemens Phase shift Phase images N/A

SWI values was I* = 89%, which indicated a high heterogeneity
between studies. Most SWI-based studies calculated the phase
of images, but others used the relative susceptibility, the SWI
contrast, or the SWI hypointensity (Table5); consequently,
Hedge’s ¢ was calculated as the absolute value. In the SWI-based
studies, the standardized mean difference was 1.14 with a CI
of 95% between 0.54 and 1.73 (range 0.36 to 3.47), confirming
the difference in susceptibility values between HC and PD
patients (Table 6, Figure 3). There were not enough SWI-based
articles to access the quality of SWI-based discrimination of
different SN subregions, contralateral or ipsilateral SN sides, or
field strengths.

QSM Meta-Analysis

The database search returned 17 QSM-based articles. The QSM
meta-analysis included a population of 1,154 subjects with 652
PD patients and 502 HC. Among all studies, the mean age of
the patients (64.4 £ 5.5 years, range 50 to 72 years) did not
differ from that of the HC (63.4 & 4.3 years, p = 0.55). Disease
duration was 4.2 + 1.9 (range 1 to 8.1 years). UPDRS scores

were 24.4 £ 10.1 (range 13.0 to 39.5). HY score was 2.1 & 0.4
(range 1.4 to 2.8). The LEDD was specified in three articles,
with a mean of 539.4 + 204.6 mg (Tables 7, 8). The between-
study variation was I> = 75% which indicated a relatively high
heterogeneity between studies. The standard mean difference was
1.13 with a CI of 95% between 0.86 and 1.39 (range = 0.34
to 3.83). The QSM values for PD patients ranged from 78.9
to 239.0 ppb (mean 138.8 & 44.3 ppb) and for HC from 62.4
to 199.0 ppb (mean 112.9 £ 37.7 ppb, p = 0.001, Table9,
Supplementary Figure 6). One study was an outlier (61). After
the outlier was excluded, the heterogeneity was I = 66%,
indicating moderate heterogeneity and a standardized mean
difference of 1.04 with a CI of 95% between 0.82 and 1.27 (range:
0.34 and 2.02, p < 0.01, Figure 4). The QSM values ranged from
78.9 to 224.0 ppb (mean 138.8 & 44.3 ppb) for PD patients and
from 62.39 to 199.0 ppb (mean 112.9 £ 37.7 ppb, p = 0.001) for
HC. As for SN subregions, increased QSM values were observed
atboth levels of the SNc and the SNr in PD (p = 0.006 vs. p = 0.04,
respectively). Hedge’s ¢ was not significantly higher in the SNc
than in the SNr (1.24 vs. 0.94, respectively, p = 0.23). Also, there
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TABLE 6 | Meta-analysis results: SWI mean values of PD and HC were used to calculate the effect size value and confidence interval.

References SN division Method PD HC Hedge’sg SE Confidence interval
N Mean SD N Mean SD Low High
Gupta et al. (45) Global SWI hypointensity 11 0.36 0.81 11 0.64 0.67 0.36 0.43 -0.48 1.21
Zhang et al. (49) Ipsilateral Phase values 40 0.13 0.05 26 0.12 0.04 0.21 025 -0.28 0.71
Contralateral** 0.16 0.05 0.12 0.04 0.85 0.26 0.34 1.37
Jin et al. (50) Global*™** Phase values 87 -0.18 0.03 50 -0.16 0.03 0.66 0.18 0.31 1.02
Lotfipour et al. (51) SN Relative susceptibility 9 0.05 0.01 11 0.04 0.01 0.96 0.48 0.02 1.89
SNc* 0.06 0.01 0.04 0.01 1.92 0.55 0.84 2.99
Wang et al. (46) Global* Phase values 16 -0.23 0.05 44 -0.17 0.07 0.91 0.30 0.31 1.50
Rossi et al. (23) Lateral SNc SWI contrast 36 7.20 350 21 9.10 5.20 0.45 0.28 —0.10 0.99
Medial SNc* 5.70 5.90 9.90 6.50 0.68 0.28 0.12 1.23
Wang et al. (47) SNc** Phase values 20 0.03 0.03 14 0.08 0.02 1.85 0.42 1.03 2.67
SNr** —0.55 0.18 -0.37 0.17 1.00 0.37 0.27 1.72
Wu et al. (48) Global* Phase values 54 —-0.13 0.01 40 -0.10 0.02 1.97 0.25 1.48 2.47
Isaias et al. (12) Ipsilateral Phase values 18 0.16 0.05 18 0.13 0.03 0.71 0.34 0.04 1.39
Contralateral 0.15 0.05 0.13 0.03 0.47 0.34 -0.19 1.14
Martin-Bastida et al. (52)  Global** Phase values 70 0.11 0.02 20 0.04 0.02 3.47 0.36 2.76 4.18

All SN subdivisions were included. ***Significantly different from controls (p < 0.001). **Significantly different from controls (p < 0.01). *Significantly different from controls (p < 0.05).

Heterogeneity: 12 = 89%, t° = 0.7191, p <0.01

denoted by a blue diamond.

Forest Plot SWI values

PD HC Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Gupta 2010 11 0.64 08100 11 0.36 0.6700 —|.— 0.36 [-0.48;1.21] 10.2%
Zhang 2010 40 0.14 0.0500 26 0.12 0.0400 .— 0.43 [-0.07;0.93] 11.8%
Jin 2012 87 -0.16 0.0300 50 -0.18 0.0300 l 0.66 [0.31;1.02] 12.3%
Loftipopur 2012 9 0.05 0.0100 11 0.04 0.0100 —— 096 [0.02;1.90] 9.7%
Wang 2012 16 -0.17 0.0500 44 -0.23 0.0700 . B 0.91 [0.31;1.50] 11.4%
Wang 2013 20 -0.26 0.1100 14 -0.37 0.1700 —— 0.78 [0.07;1.49] 10.9%
Wu 2014 54 -0.10 0.0100 40 -0.13 0.0200 -.— 197 [1.47;2.47] 11.8%
Isaias 2016 18 0.16 0.0500 18 0.13 0.0300 —l-— 0.71 [0.04;1.39] 11.0%
Martin_Bastida 2016 70 0.11 0.0200 20 0.04 0.0200 —— 347 [2.75;4.19] 10.8%
Random effects model 325 234 | | ‘I | 1.14 [0.54; 1.73] 100.0%

4 2 0 2 4

FIGURE 3 | Forest plot of significant SWI values of the 10 articles included in the meta-analysis. Forest plot of the computed disease effect sizes (Hedge's g, x-axis) of
studies included into the meta-analysis on QSM measures of the substantia nigra when comparing PD patients and controls. Pooled SMD (95%) (1.14, [0.54, 1.73]) is

was no significant difference in effect size between the ipsilateral
and contralateral SNs to the most affected side (0.64 vs. 0.68,
p = 0.71) and no significant difference in QSM values between
the ipsilateral and contralateral SNs (p = 0.22).

Comparison Between R2* and QSM

In the eight articles that analyzed both R2* and QSM, Hedge’s g
was significantly higher for QSM than for R2* values (1.16 & 0.45
vs. 0.55 £ 0.26, p = 0.0006).

Correlation Analyses
Both R2* values and Hedges ¢ did not correlate with
either clinical characteristics (age, disease duration, UPDRS,
and LEDD) or imaging parameters (voxel size and number
of echoes).

For SWI, effect size correlated positively with UPDRS values
(r =0.84, p = 0.04) and voxel size (r = 0.65, p = 0.04).

There was a positive correlation between QSM values and age
of PD patients (r = 0.64, p = 0.0001), UPDRS values (r = 0.57,
p=0.0008) and voxel size (r = 0.47, p = 0.04).
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TABLE 7 | Demographic and clinical data of subjects of the articles included in the QSM meta-analysis.

References PD HC
Age Disease duration UPDRS level H&Y stage LEDD (mg) Age
Barbosa et al. (39) 66 (8.0) 8.1(4.1) N/A 2.3(0.6) N/A 64.0 (7.0)
He et al. (31) 58 (8.8) 2.8(1.6) 15.57 (66.22) 1.4 (0.5) N/A 60.5 (6.5)
Murakami et al. (40) 72.0(7.5) 2.7 (2.3 N/A 2.0(0.6) N/A 69.7 (8.6)
Azuma et al. (53) 63.3 (11.0) 6.4 (3.6) 20.8 (11.6) N/A 456.2 (265.2) 64.1 (10.0)
Guan et al. (30) 58.5 (7.5) 5.7 (4.2) 33.65 (12.4) 2.6 (2.5 N/A 56.6 (9.9)
Langkammer et al. (42) 60.1(6.2) 6.2 (4.2) 18.6 (7.6) 2(1) N/A 58.1(8.7)
Xuan et al. (54) 67.3(9.9) 4.1 @2.1) 13 (7.1) 2.1(0.95) N/A 66.9 (9.1)
Duet al. (21) 70.6 (9) 1.5 (8.5) 20.3 (10.7) 1.9(0.7) 175 (215) 67.6 (5)
Kim et al. (60) 71.2(6.9) 5.4 (2) 13.1(7.2) 1.9(0.4) N/A 67.1 (4.7)
An et al. (59) 61.8 (6.4) N/A N/A N/A N/A 63.4 (8)
Takahashi et al. (56) 68.2 (6.1) N/A 27 (15.7) N/A N/A 64.8 (8)
Shin et al. (25) 64.6 (11.2) 2.8(2.4) N/A 2.8(2.4) N/A 62.6 (10.6)
Bergsland et al. (55) 66.2 (8.5) N/A N/A 2.1(0.5) N/A 64.9(9.2)
Shahmaei et al. (61) 60.1 (6.2) 6.2 (4.2) 18.6 (7.6) 2(1) N/A 58.1(8.7)
Ghassaban et al. (44) 67.3(9.9) 4.1 (2.1) 13(7.1) 2.1(0.95) N/A 66.9 (9.1)
Lietal (14) 71.2(6.9) 5.4 (2) 13.1(7.2) 1.9 (0.4) N/A 67.1 (4.7)
Chen et al. (58) 70.6 (9) 1.5(8.5) 20.3 (10.7) 1.9(0.7) 175 (215) 67.6 (5)

Data are presented as mean (STD). N/A, not available.

TABLE 8 | Technical characteristics of the studies included in the QSM meta-analysis.

References Magnetic field Vendor Values obtained ROIs drawn in Voxel size
Barbosa et al. (23) 3T Philips Susceptibility QSM 0.5 x 05 x 20
He et al. (31) 3T GE Susceptibility QsSM 05x05x20
Murakami et al. (40) 3T GE Susceptibility QSM 16 x256x%x15
Guan et al. (30) 3T GE Susceptibility QSM 0.8x08x28
Azuma et al. (53) 3T Siemens Susceptibility QSM 09x09x20
Langkammer et al. (42) 3T Siemens Susceptibility QSM 0.9 x 09 x 2.0
Xuan et al. (54) 3T GE Susceptibility QSM 0.6 x 0.6 x 2.8
Du et al. (21) 3T Siemens Susceptibility QsM 09 x09x20
Kim et al. (60) 3T Siemens Susceptibility QsMm 1x1x1

An et al. (59) 3T Siemens Susceptibility QsM 0.62 x 0.62 x 2
Takahashi et al. (56) 3T GE Susceptibility QsSM 0.57 x 0.86 x 2.4
Shin et al. (25) 3T Philips Susceptibility QSM 04 x 04 x2
Bergsland et al. (55) 3T GE Susceptibility QSM 05x1x2
Shahmaei et al. (61) 3T Siemens Susceptibility QSM Tx1x15
Ghassaban et al. (44) 3T GE Susceptibility QSM 0.86 x 0.86 x 1
Lietal (14) 3T Siemens Susceptibility QSM 0.63 x 0.63 x 2.0
Chen et al. (58) 3T Philips Susceptibility QSM 05x05x2

Scanner Effects

As expected, R2* values in the SN were lower at 1.5 T (mean
24.45 s71) (9, 17) than at 3 T (mean 38.26 s~!), due to the
known increase of R2* with magnetic field strength. However,
no statistical comparison could be performed due to the low
number of data acquired at 1.5 T. In R2*, there was a statistical
difference between the four vendors (p = 0.0006) with Philips
providing higher R2* values (mean 50.25 s~!) than the other
vendors, that is, Siemens (mean 34.68 s™!, p = 0.0001), Magnex

Scientific (mean 34.99 s~!, p = 0.015), and General Electrics
(mean 37.77 s~!, p = 0.0008) while there was no significant
difference between Siemens and General Electrics (p = 0.22).
There was no longer a statistical difference between the four
manufacturers (p = 0.93) when R2* values were normalized
using control values.

In SWI, there between-vendor  significant
difference in effect size or phase values (p = 0.22 and
p = 0.21, respectively).

was no
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TABLE 9 | Meta-analysis results: QSM mean values of PD and HC are used to calculate the effect size value and confidence interval.

References SN division PD HC Hedge’s g SE Confidence interval
N Mean SD N Mean SD Low High
Barbosa et al. (23) SN** 20 150.90 41.50 30 114.70 32.50 0.98 0.31 0.38 1.58
SNc*** 186.70 53.20 140.10 38.50 1.02 0.31 0.42 1.62
He et al. (31) Ipsilateral*** 44 100.00 16.50 35 83.70 15.60 1.00 0.24 0.53 1.47
Contralateral** 100.00 18.30 83.70 15.60 0.94 0.24 0.47 1.41
Murakami et al. (40) Global* 21 224.00 14.00 21 199.00 24.00 1.25 0.34 0.59 1.91
Azuma et al. (53) Global** 24 148.15 45.75 24 104.70 31.00 1.09 0.31 0.49 1.70
Contralateral aSN*** 186.6 57.50 142.90 43.70 0.84 0.30 0.25 1.43
Contralateral mSN*** 166.6 53.20 104.60 28.70 1.43 0.32 0.79 2.06
Contralateral pSN*** 120.8 38.70 66.50 25.60 1.63 0.33 0.97 2.28
Ipsilateral aSN 178.60 54.70 142.90 43.70 0.71 0.30 0.13 1.29
Ipsilateral mSN* 141.40 51.10 104.60 28.70 0.87 0.30 0.28 1.47
Ipsilateral pSN* 94.70 38.00 66.50 25.60 0.86 0.30 0.26 1.45
Guan et al. (30) SNc** 60 47.00 15.00 40 20.00 15.00 1.79 0.24 1.31 2.26
SNr 122.50 25.00 101.00 25.00 0.85 0.21 0.44 1.27
Langkammer et al. (42) Global*** 66 114.00 40.00 58 90.00 30.00 0.67 0.18 0.31 1.03
Xuan et al. (54) SNc (young)*™* 35 37.00 25.00 24 25.00 15.00 0.55 0.27 0.02 1.08
SNr (young)* 117.00 20.00 104.00 22.00 0.62 0.27 0.08 1.15
SNc (old)*™ 33 45.00 18.00 22 28.00 20.00 0.89 0.29 0.33 1.46
SNr (old)* 123.00 27.00 106.00 30.00 0.59 0.28 0.04 1.14
Du et al. (43) SNc** 72 64.20 15.21 62 44.80 14.35 1.30 0.19 0.93 1.68
SNr** 157.30 15.21 129.90 14.35 1.84 0.21 1.43 2.24
Kim et al. (60) Global*™* 36 125.81 16.27 25 98.41 11.70 1.85 0.31 1.25 2.46
An et al. (59) Global*™ 44 179.55 65.72 31 138.04 37.32 0.74 0.24 0.26 1.21
Takahashi et al. (56) SNc* 18 87.67 24.48 18 67.78 24.48 0.79 0.35 0.11 1.47
SNc dorsolateral* 85.78 28.45 52.19 23.01 1.27 0.37 0.55 1.99
Shin et al. (25) SNc ipsilateral 29 123.00 39.00 19 121.00 32.00 0.05 0.30 —0.52 0.63
SNc contralateral 132.00 39.00 121.00 32.00 0.30 0.30 -0.28 0.88
SNr ipsilateral 125.00 39.00 115.00 39.00 0.25 0.30 —0.33 0.83
SNr contralateral 130.00 40.00 115.00 39.00 0.37 0.30 -0.21 0.96
Bergsland et al. (55) Ventral posterior** 32 113.10 36.20 62.10 29.10 1.561 0.39 0.74 2.27
Ventral anterior* 160.70 40.40 124.00 38.40 0.91 0.36 0.20 1.62
Dorsal posterior 78.00 35.00 66.90 23.50 0.36 0.35 —0.32 1.04
Dorsal anterior 111.30 36.00 100.80 390.40 0.04 0.34 —0.64 0.71
Shahmaei et al. (61) Global*** 15 239.00 21.00 15 146.00 26.00 3.83 0.63 2.60 5.06
Ghassaban et al. (44) Right* 24 139.80 10.40 24 115.40 11.60 2.18 0.37 1.46 2.90
Left* 147.50 10.50 127.50 10.80 1.85 0.35 117 2.53
Lietal (14) Global* 28 166.03 43,00 28 137.63 34.99 0.71 0.28 017 1.26
Chen et al. (58) SNc* 33 163.47 49.16 26 85.18 30.57 1.84 0.31 1.22 2.45
SNr 153.16 30.57 134.90 41.02 0.51 0.27 —-0.02 1.03

All SN subdivisions are included. ***Significantly different from controls (p < 0.001). **Significantly different from controls (p < 0.005). *Significantly different from controls (p < 0.05).

In QSM values and Hedge’s g, there were no between-vendor
significant differences (p = 0.78 and p = 0.07, respectively), and
all the studies were similar in ROI definition.

DISCUSSION

Overall, studies reported in this meta-analysis systematically
detected iron overload in the SN by iron-sensitive MRI
compatible with PD patients compared to HCs even in the early

stages of the disease. This result was in agreement with the
abnormal iron metabolism in PD that is associated with the SN
cell loss (62).

Studies differed in iron measurement techniques, the studied
ROIs, methods of image acquisition and analysis, and patient
population. The main measures used to quantify iron load were
the R2*, the phase and relative phase of the images for SWI, and
the susceptibility for QSM. In R2* and QSM, positive values of
Hedge’s ¢ were related to an increase in iron in PD patients as
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Forest Plot QSM values
PD HC Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-ClI Weight
Barbosa 2015 20 150.90 41.5000 30 114.70 32.5000 —.— 0.98 [0.38;1.58] 6.1%
He 2015 44 100.00 17.4000 35 83.70 15.6000 —.— 0.97 [0.50;1.44] 7.2%
Murakami 2015 21 224.00 14.0000 21 199.00 24.0000 + 1.25 [0.58;1.92] 55%
Guan 2015 60 7894 147000 40 62.39 13.9000 —E— 114 [0.71;1.57] 7.6%
Azuma 2016 24 148.15 38.0000 24 104.65 31.0000 —I— 1.23 [0.61;1.86] 5.9%
Langkammer 2016 66 114.00 40.0000 58 90.00 30.0000 -E~ 0.67 [0.31;1.03] 8.3%
Xuan 2017 68 80.50 18.0000 66 65.75 20.0000 = 0.77 [0.42;1.12] 8.4%
Du 2018 72 110.75 15.2100 62 87.35 14.3500 —E_ 1.57 [1.18;1.96] 8.0%
An 2018 44 179.55 37.3200 31 138.04 65.7100 —I-— 0.81 [0.33;1.28] 7.2%
Shin 2018 29 127.50 24.0000 19 118.00 32.0000 —-.— 0.34 [-0.24;0.92] 6.2%
Kim 2018 36 125.81 16.2700 25 98.41 11.7000 i —@— 1.85 [1.24;2.47] 6.0%
Bersland 2019 18 115.78 36.9000 16 88.45 120.3500 —-E— 0.31 [-0.37;0.99] 5.4%
Ghassaban 2019 24 143.65 10.4500 24 121.45 11.2000 —— 202 [1.31;2.72] 5.2%
Li 2019 28 166.03 43.0000 28 137.63 34.9900 —E*— 0.71 [0.17;1.26] 6.6%
Chen 2019 33 158.31 39.8650 26 110.04 35.7950 —.— 1.25 [0.68;1.81] 6.4%
Random effects model 587 505 < 1.04 [0.82; 1.27] 100.0%
Heterogeneity: 12 = 66%, ©° = 0.1280, p < 0.01 I I I '
-2 -1 0 1 2
FIGURE 4 | Forest plot of significant QSM values of the 16 articles included in the meta-analysis. Forest plot of the computed disease effect sizes (Hedge's g, x-axis)
of studies included into the meta-analysis on QSM measures of the substantia nigra when comparing PD patients and controls. Pooled SMD (95%) (1.04, [0.82, 1.27])
is denoted by a blue diamond.

compared to the HCs (6, 7). In SW1, studies used different image
analysis techniques while we used Hedge’s g as an absolute value
of the result.

Regarding R2* values, there was a high variability between
studies that was due to several factors. First, the age range
of PD patients was wide (58 to 72 vyears). Second, we
observed a dependence of the R2* value on the vendor,
magnetic field strength, and ROI placement methods. Moreover,
previous studies have shown that R2* depends not only
on iron content but is also affected by the orientation of
the head in the scanner, the surrounding iron distribution
(blooming artifacts), the magnetic field strength, and imaging
parameters such as the echo time or voxel size (53, 63,
64). Yet all studies demonstrated a significant increase in
R2*, suggesting that R2* was a robust biomarker of SN
changes in PD, especially when using a given protocol on
a given scanner. Nevertheless, R2* wvalues in PD became
comparable across scanners after normalization by the HC
values. Multicenter studies should consider the strong difference
in R2* between vendors, especially for Philips, and consider
normalizing data.

As for manual or semiautomated segmentation methods, the
effect size was higher when the segmentation was performed
using anatomical images such as 3D T2-weighted and T2*-
weighted rather than using R2* or QSM maps, although the
difference was not statistically significant. This difference may
be related to the better resolution of the anatomical images.
However, the constant improvements in resolution and contrast

of parametric mapping, especially at ultra-high-field strength,
especially in QSM, may modify this observation in future studies.
There were no significant correlations for R2* values or for R2*
effect size with clinical parameters. The lack of correlations may
be due to the large variability of R2* results as well as to a
high number of possible confounding factors. Finally, while most
articles reported UPDRS values, a large proportion of them did
not specify if the values were obtained using on or off medication.
In PD, degeneration of dopaminergic neurons predominates in
the lateral part of the SNc, particularly in nigrosome 1 (65);
therefore, greater differences were expected in this region. The
highest effect size was observed in this lateral part of the SN
consistent with this hypothesis. Some authors have analyzed
separately the SN contra and ipsilateral to the most affected side
in the hypothesis that the contralateral SN would show greater
nigral damage (12, 31, 32). However, we found no difference
for both R2* values and effect sizes. This suggests that at PD
onset, both SNc and SNr are already affected with increased
iron overload.

SWI measurements were the most variable across studies.
SWI is purely a qualitative method that some studies have
however used to carry out local measurements (66). However,
this is intrinsically incorrect, since these phase measurements
do not reflect local modifications because the phase shift of
the signal inside a voxel comes not only from sources of
susceptibility inside this voxel but also from neighboring sources
outside this voxel (67). This can be a reason for the high
variability across studies (I> = 89%), even if the pooled effect
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size was rather high. Additional reasons for the variability of
SWI values in these studies can be the presence of blooming
artifacts on phase and SWI images (similar to R2*) and
the dependence of SWI on tissue geometry and orientation
dependence relative to the direction of the main magnetic
field. Limitations of SWI induced by the nonlocal, geometry-
dependent, and orientation-dependent nature of the signal phase
are overcome by QSM, which directly estimates the tissue
susceptibility distribution based on the local perturbation of the
magnetic field (64). Still, there was a positive correlation between
the UPDRS scores and the effect size of phase measurements,
suggesting a correlation between iron load and the severity of
motor symptoms.

The effect size observed for QSM was higher than the one
for R2* although the difference was not significant. Moreover,
in studies that compared R2* and QSM values in the same
patients, the effect size was significantly higher for QSM than
for R2*, suggesting that QSM might be a more robust marker
than R2*. In addition, there were no significant differences
in QSM values between the vendors. The QSM values also
correlated significantly with age and UPDRS. The variability
of susceptibility measurements was lower than that for SWI;
however, this variability was still high, suggesting that more
work needs to be done to standardize QSM image processing
pipelines between centers. There were no significant differences
in QSM values between the different subdivisions of the SN
or between the SN contra or ipsilateral to the most affected
side. Overall, while we would expect more significant changes
in the SNc than the SNr based on pathological studies, this
difference was not found in a high proportion of studies. This
lack of difference could be due to the segmentation techniques,
since the SNc was not clearly visible on the R2 * or QSM
images due to the relatively weak presence of iron in this region
and its segmentation most often using a probabilistic method.
A neuromelanin-based segmentation method could help better
delineate the SNc (56).

Finally, the results of this meta-analysis suggest that QSM has
some advantages over R2* because it provides a quantification of
magnetic susceptibility, which might better reflect the underlying
tissue iron content compared to R2*. Moreover, both QSM and
R2* are preferable to SWI because they provide quantitative
values unlike SW1.

In terms of implementation, however, all methods pose
some issues. Firstly, QSM and SWI require acquiring images
of the MRI signal phase, whereas R2* only requires acquiring
images of the MRI signal magnitude. Although protocols
for SWI are now available for most vendors, for QSM, the
correct acquisition of the phase might pose a technical issue
in a clinical setting, as not all vendors correctly combine
the phase from multiple elements of a phased-array coil, and
dedicated software is required in these cases (68). Secondly,
SWI only requires a single-echo acquisition, whereas multi-
echo acquisitions are required for R2* and are in general
preferable for QSM too (69-71). This might pose a time issue
in clinical practice. Therefore, when deciding which methods to
use, one should consider the need for quantitative vs. qualitative
imaging, the ease of implementation on clinical systems, and
time constraints.

Our study has several limitations. First, despite the careful
search across several databases, some studies could have
been missed (72). Second, common with all literature
searches and meta-analysis publication practices, usually
publishing positive rather than negative studies might
have biased the results. Consequently, the mean effect size
could be somehow overestimated as unpublished negative
data were probably underrepresented. Third, there was a
large heterogeneity of R2* and SWI values, indicating a
large variability of these measurements, that depended on
blooming artifacts and the fact that, in contrast with QSM,
neither R2* nor SWI directly quantifies the changes in
magnetic susceptibility due to iron deposition in the SN.
Moreover, the values varied with the scanner vendor and other
technical parameters.

In summary, we have observed a consistent increase in MRI
measures of iron content in PD across the literature using R2*,
SWI, or QSM techniques, confirming that these measurements
provide reliable markers of iron content in PD. Several of these
measurements correlated with the severity of motor symptoms.
Lastly, QSM appeared to be a more robust biomarker than R2*.
However, image processing pipelines for QSM are not yet fully
standardized, although efforts in this direction are being made
(68,73, 74). Therefore, QSM is a promising biomarker of disease-
related iron accumulation in PD, but further work is needed to
establish it as a robust biomarker in multicenter clinical studies
and its usefulness as a longitudinal marker.
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the substantia nigra when comparing PD patients and controls. Pooled SMD
(95%) (0.84, [0. 60, 1.08]) is denoted by a blue diamond.

Supplementary Figure 6 | Forest plot of significant QSM values of the 76 articles
included in the meta-analysis. Forest plot of the computed diseases effect sizes
(Hedge's g, x-axis) of studies included into the meta-analysis on QSM measures of

REFERENCES

1. Fearnley JM, Lees AJ. Ageing and Parkinson’s disease: substantia
nigra  regional  selectivity.  Brain.  (1991) 114(Pt  5):2283-301.
doi: 10.1093/brain/114.5.2283

2. Dexter DT, Wells FR, Lees AJ, Agid FE Agid Y, Jenner P, et al
Increased nigral iron content and alterations in other metal ions
occurring in brain in Parkinson’s disease. ] Neurochem. (1989) 52:1830-6.
doi: 10.1111/j.1471-4159.1989.tb07264.x

3. Sofic E, Paulus W, Jellinger K, Riederer P, Youdim MB. Selective increase of
iron in substantia nigra zona compacta of parkinsonian brains. ] Neurochem.
(1991) 56:978-82. doi: 10.1111/j.1471-4159.1991.tb02017.x

4. Griffiths PD, Dobson BR, Jones GR, Clarke DT. Iron in the basal ganglia
in Parkinson’s disease. An in vitro study using extended X-ray absorption
fine structure and cryo-electron microscopy. Brain. (1999) 122(Pt 4):667-73.
doi: 10.1093/brain/122.4.667

5. Duyn JH, Schenck J. Contributions to magnetic susceptibility of brain tissue.
NMR Biomed. (2017) 30:3546. doi: 10.1002/nbm.3546

6. Langkammer C, Krebs N, Goessler W, Scheurer E, Ebner F, Yen K, et al.
Quantitative MR imaging of brain iron: a postmortem validation study.
Radiology. (2010) 257:455-62. doi: 10.1148/radiol.10100495

7. Langkammer C, Schweser F, Krebs N, Deistung A, Goessler W, Scheurer
E, et al. Quantitative susceptibility mapping (QSM) as a means to measure
brain iron? A post mortem validation study. Neuroimage. (2012) 62:1593-9.
doi: 10.1016/j.neuroimage.2012.05.049

8. Pyatigorskaya N, Sharman M, Corvol J-C, Valabregue R, Yahia-Cherif
L, Poupon E et al. High nigral iron deposition in LRRK2 and Parkin
mutation carriers using R2* relaxometry. Mov Disord. (2015) 30:1077-84.
doi: 10.1002/mds.26218

9. Graham JM, Paley MN, Griinewald RA, Hoggard N, Griffiths PD.
Brain iron deposition in Parkinson’s disease imaged using the PRIME
magnetic resonance sequence. Brain. (2000) 123Pt 12:2423-31.
doi: 10.1093/brain/123.12.2423

10. Hopes L, Grolez G, Moreau C, Lopes R, Ryckewaert G, Carriére N,
et al. Magnetic Resonance Imaging Features of the Nigrostriatal System:
Biomarkers of Parkinson’s Disease Stages? PLoS ONE. (2016) 11:e0147947.
doi: 10.1371/journal.pone.0147947

11. Arribarat G, Pasternak O, De Barros A, Galitzky M, Rascol O, Péran P.
Substantia nigra locations of iron-content, free-water and mean diffusivity
abnormalities in moderate stage Parkinson’s disease. Parkinsonism Relat
Disord. (2019) 65:146-52. doi: 10.1016/j.parkreldis.2019.05.033

12. Isaias IU, Trujillo P, Summers P, Marotta G, Mainardi L, Pezzoli G, et al.
Neuromelanin imaging and dopaminergic loss in Parkinson’s disease. Front
Aging Neurosci. (2016) 8:196. doi: 10.3389/fnagi.2016.00196

13. LangleyJ, He N, Huddleston DE, Chen S, Yan E, Crosson B, et al. Reproducible
detection of nigral iron deposition in 2 Parkinson’s disease cohorts. Mov
Disord. (2019) 34:416-9. doi: 10.1002/mds.27608

14. Li G, Zhai G, Zhao X, An H, Spincemaille P, Gillen KM, et al. 3D texture
analyses within the substantia nigra of Parkinson’s disease patients on
quantitative susceptibility maps and R2x maps. Neuroimage. (2019) 188:465-
72. doi: 10.1016/j.neuroimage.2018.12.041

15. Saced U, Compagnone J, Aviv RI, Strafella AP, Black SE, Lang AE,
et al. Imaging biomarkers in Parkinson’s disease and Parkinsonian
syndromes: current and emerging concepts. Transl Neurodegener. (2017) 6:6.
doi: 10.1186/s40035-017-0076-6

16. Pesch B, Casjens S, Woitalla D, Dharmadhikari S, Edmondson DA, Zella
MAS, et al. Impairment of motor function correlates with neurometabolite
and brain iron alterations in Parkinson’s disease. Cells. (2019) 8:96.
doi: 10.3390/cells8020096

the substantia nigra when comparing PD patients and controls. Pooled SMD
(95%) (1.13, [0.86, 1.39)]) is denoted by a blue diamond.

Supplementary Table 1 | PRISMA checklist.

Supplementary Table 2 | Quadas questionnaire.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ulla M, Bonny JM, Ouchchane L, Rieu I, Claise B, Durif F. Is R2* a new
MRI biomarker for the progression of Parkinson’s disease? A longitudinal
follow-up. PLoS ONE. (2013) 8:¢57904. doi: 10.1371/journal.pone.0057904
Eriksen MB, Frandsen TF. The impact of patient, intervention,
comparison, outcome (PICO) as a search strategy tool on literature
search quality: a systematic review. | Med Libr Assoc. (2018) 106:420-31.
doi: 10.5195/JMLA.2018.345

Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al.
MDS clinical diagnostic criteria for Parkinson’s disease. Mov Disord. (2015)
30:1591-601. doi: 10.1002/mds.26424

Du G, Lewis MM, Sen S, Wang J, Shaffer ML, Styner M, et al. Imaging nigral
pathology and clinical progression in Parkinson’s disease. Mov Disord. (2012)
27:1636-43. doi: 10.1002/mds.25182

Du G, Lewis MM, Styner M, Shaffer ML, Sen S, Yang QX et al. Combined R2*
and diffusion tensor imaging changes in the substantia nigra in Parkinson’s
disease. Mov Disord. (2011) 26:1627-32. doi: 10.1002/mds.23643

Ordidge RJ, Gorell JM, Deniau JC, Knight RA, Helpern JA. Assessment of
relative brain iron concentrations using T2-weighted and T2*-weighted MRI
at 3 Tesla. Magn Reson Med. (1994) 32:335-41. doi: 10.1002/mrm.1910320309
Rossi M, Ruottinen H, Soimakallio S, Elovaara I, Dastidar P. Clinical MRI
for iron detection in Parkinson’s disease. Clin Imaging. (2013) 37:631-6.
doi: 10.1016/j.clinimag.2013.02.001

Reimao S, Ferreira S, Nunes RG, Pita Lobo P, Neutel D, Abreu D, et al.
Magnetic resonance correlation of iron content with neuromelanin in the
substantia nigra of early-stage Parkinson’s disease. Eur ] Neurol. (2016)
23:368-74. doi: 10.1111/ene.12838

Balduzzi S, Riicker G, Schwarzer G. How to perform a meta-analysis
with R: a practical tutorial. Evid Based Ment Health. (2019) 22:153-60.
doi: 10.1136/ebmental-2019-300117

Hozo SP, Djulbegovic B, Hozo I. Estimating the mean and variance from the
median, range, and the size of a sample. BMC Med Res Methodol. (2005) 5:13.
doi: 10.1186/1471-2288-5-13

Hedges LV. Distribution theory for glass’s estimator of effect size and related
estimators. ] Educ Stat. (2016) 6:107-28. doi: 10.1302/10769986006002107
Martin WRW, Wieler M, Gee M. Midbrain iron content in early Parkinson
disease: a potential biomarker of disease status. Neurology. (2008) 70:1411-7.
doi: 10.1212/01.wnl.0000286384.31050.b5

Péran P, Cherubini A, Assogna FE Piras E Quattrocchi C, Peppe
A, et al. Magnetic resonance imaging markers of Parkinson’s disease
nigrostriatal signature. Brain. (2010) 133:3423-33. doi: 10.1093/brain/a
wq212

Guan X, Xuan M, Gu Q, Xu X, Huang P, Wang N, et al. Influence of
regional iron on the motor impairments of Parkinson’s disease: A quantitative
susceptibility mapping study. ] Magn Reson Imaging. (2017) 45:1335-42.
doi: 10.1002/jmri.25434

He N, Ling H, Ding B, Huang ], Zhang Y, Zhang Z, et al. Region-specific
disturbed iron distribution in early idiopathic Parkinson’s disease measured
by quantitative susceptibility mapping. Hum Brain Mapp. (2015) 36:4407-20.
doi: 10.1002/hbm.22928

Baudrexel S, Niirnberger L, Rib U, Seifried C, Klein JC, Deller T, et al.
Quantitative mapping of T1 and T2* discloses nigral and brainstem
pathology in early Parkinson’s disease. Neuroimage. (2010) 51:512-20.
doi: 10.1016/j.neuroimage.2010.03.005

Bunzeck N, Singh-Curry V, Eckart C, Weiskopf N, Perry RJ, Bain PG, et al.
Motor phenotype and magnetic resonance measures of basal ganglia iron
levels in Parkinson’s disease. Parkinsonism Relat Disord. (2013) 19:1136-42.
doi: 10.1016/j.parkreldis.2013.08.011

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Introduction to Meta-
Analysis. Chichester: John Wiley & Sons. (2011).

Frontiers in Neurology | www.frontiersin.org 14

May 2020 | Volume 11 | Article 366


https://doi.org/10.1093/brain/114.5.2283
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1111/j.1471-4159.1991.tb02017.x
https://doi.org/10.1093/brain/122.4.667
https://doi.org/10.1002/nbm.3546
https://doi.org/10.1148/radiol.10100495
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1002/mds.26218
https://doi.org/10.1093/brain/123.12.2423
https://doi.org/10.1371/journal.pone.0147947
https://doi.org/10.1016/j.parkreldis.2019.05.033
https://doi.org/10.3389/fnagi.2016.00196
https://doi.org/10.1002/mds.27608
https://doi.org/10.1016/j.neuroimage.2018.12.041
https://doi.org/10.1186/s40035-017-0076-6
https://doi.org/10.3390/cells8020096
https://doi.org/10.1371/journal.pone.0057904
https://doi.org/10.5195/JMLA.2018.345
https://doi.org/10.1002/mds.26424
https://doi.org/10.1002/mds.25182
https://doi.org/10.1002/mds.23643
https://doi.org/10.1002/mrm.1910320309
https://doi.org/10.1016/j.clinimag.2013.02.001
https://doi.org/10.1111/ene.12838
https://doi.org/10.1136/ebmental-2019-300117
https://doi.org/10.1186/1471-2288-5-13
https://doi.org/10.1302/10769986006002107
https://doi.org/10.1212/01.wnl.0000286384.31050.b5
https://doi.org/10.1093/brain/awq212
https://doi.org/10.1002/jmri.25434
https://doi.org/10.1002/hbm.22928
https://doi.org/10.1016/j.neuroimage.2010.03.005
https://doi.org/10.1016/j.parkreldis.2013.08.011
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Pyatigorskaya et al.

Iron Imaging in Parkinson’s Disease

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

association of folate
(2017) 95:9-18.

Bender A, Hagan KE, Kingston N. The
and depression: a meta-analysis. ] Psychiatr Res.
doi: 10.1016/j.jpsychires.2017.07.019

Nichols TE, Holmes AP. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum Brain Mapp. (2002) 15:1-25.
doi: 10.1002/hbm.1058

Focke NK, Helms G, Pantel PM, Scheewe S, Knauth M, Bachmann CG,
et al. Differentiation of typical and atypical Parkinson syndromes by
quantitative MR imaging. AJNR Am ] Neuroradiol. (2011) 32:2087-92.
doi: 10.3174/ajnr.A2865

Lewis MM, Du G, Kidacki M, Patel N, Shaffer ML, Mailman RB, et al. Higher
iron in the red nucleus marks Parkinson’s dyskinesia. Neurobiol Aging. (2013)
34:1497-503. doi: 10.1016/j.neurobiolaging.2012.10.025

Barbosa JHO, Santos AC, Tumas V, Liu M, Zheng W, Haacke EM, et al.
Quantifying brain iron deposition in patients with Parkinson’s disease using
quantitative susceptibility mapping, R2 and R2. Magn Reson Imaging. (2015)
33:559-65. doi: 10.1016/j.mri.2015.02.021

Murakami Y, Kakeda S, Watanabe K, Ueda I, Ogasawara A, Moriya J,
et al. Usefulness of quantitative susceptibility mapping for the diagnosis
of Parkinson disease. AJNR Am ] Neuroradiol. (2015) 36:1102-8.
doi: 10.3174/ajnr.A4260

Wieler M, Gee M, Martin WRW. Longitudinal midbrain changes in early
Parkinson’s disease: iron content estimated from R2*/MRI. Parkinsonism
Relat Disord. (2015) 21:179-83. doi: 10.1016/j.parkreldis.2014.11.017
Langkammer C, Pirpamer L, Seiler S, Deistung A, Schweser F, Franthal S, et al.
Quantitative susceptibility mapping in Parkinson’s Disease. PLoS ONE. (2016)
11:€0162460. doi: 10.1371/journal.pone.0162460

Du G, Lewis MM, Sica C, He L, Connor JR, Kong L, et al. Distinct progression
pattern of susceptibility MRI in the substantia nigra of Parkinson’s patients.
Mov Disord. (2018) 33:1423-31. doi: 10.1002/mds.27318

Ghassaban K, He N, Sethi SK, Huang P, Chen S, Yan E, et al. Regional high iron
in the substantia nigra differentiates parkinson’s disease patients from healthy
controls. Front Aging Neurosci. (2019) 11:106. doi: 10.3389/fnagi.2019.00106
Gupta D, Saini J, Kesavadas C, Sarma PS, Kishore A. Utility of
susceptibility-weighted MRI in differentiating Parkinson’s disease
and atypical parkinsonism.  Neuroradiology. ~ (2010)  52:1087-94.
doi: 10.1007/500234-010-0677-6

Wang Y, Butros SR, Shuai X, Dai Y, Chen C, Liu M, et al. Different
iron-deposition patterns of multiple system atrophy with predominant
parkinsonism and idiopathetic Parkinson diseases demonstrated by phase-
corrected susceptibility-weighted imaging. AJNR Am ] Neuroradiol. (2012)
33:266-73. doi: 10.3174/ajnr.A2765

Wang C, Fan G, Xu K, Wang S. Quantitative assessment of iron deposition
in the midbrain using 3D-enhanced T2 star weighted angiography (ESWAN):
a preliminary cross-sectional study of 20 Parkinson’s disease patients. Magn
Reson Imaging. (2013) 31:1068-73. doi: 10.1016/j.mri.2013.04.015

Wu S-E Zhu Z-F Kong Y, Zhang H-P, Zhou G-Q, Jiang Q-T, et al.
Assessment of cerebral iron content in patients with Parkinson’s disease by the
susceptibility-weighted MRI. Eur Rev Med Pharmacol Sci. (2014) 18:2605-8.
Zhang ], Zhang Y, Wang ], Cai P, Luo C, Qian Z, et al. Characterizing
iron deposition in Parkinsons disease using susceptibility-weighted
imaging: an in vivo MR study. Brain Res. (2010) 1330:124-30.
doi: 10.1016/j.brainres.2010.03.036

Jin L, Wang J, Jin H, Fei G, Zhang Y, Chen W, et al. Nigral iron deposition
occurs across motor phenotypes of Parkinson’s disease. Eur | Neurol. (2012)
19:969-76. doi: 10.1111/j.1468-1331.2011.03658.x

Lotfipour AK, Wharton S, Schwarz ST, Gontu V, Schifer A, Peters AM,
et al. High resolution magnetic susceptibility mapping of the substantia
nigra in Parkinson’s disease. ] Magn Reson Imaging. (2012) 35:48-55.
doi: 10.1002/jmri.22752

Martin-Bastida A, Lao-Kaim NP, Loane C, Politis M, Roussakis AA, Valle-
Guzman N, et al. Motor associations of iron accumulation in deep grey
matter nuclei in Parkinson’s disease: a cross-sectional study of iron-related
magnetic resonance imaging susceptibility. Eur ] Neurol. (2017) 24:357-65.
doi: 10.1111/ene.13208

Azuma M, Hirai T, Yamada K, Yamashita S, Ando Y, Tateishi M, et al. Lateral
asymmetry and spatial difference of iron deposition in the substantia nigra

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

of patients with Parkinson disease measured with quantitative susceptibility
mapping. AJNR Am ] Neuroradiol. (2016) 37:782-8. doi: 10.3174/ajnr.A4645
Xuan M, Guan X, Gu Q, Shen Z, Yu X, Qiu T, et al. Different iron deposition
patterns in early- and middle-late-onset Parkinson’s disease. Parkinsonism
Relat Disord. (2017) 44:23-7. doi: 10.1016/j.parkreldis.2017.08.013

Bergsland N, Zivadinov R, Schweser F, Hagemeier J, Lichter D, Guttuso T.
Ventral posterior substantia nigra iron increases over 3 years in Parkinson’s
disease. Mov Disord. (2019) 34:1006-13. doi: 10.1002/mds.27730

Takahashi H, Watanabe Y, Tanaka H, Mihara M, Mochizuki H, Liu T, et al.
Quantifying changes in nigrosomes using quantitative susceptibility mapping
and neuromelanin imaging for the diagnosis of early-stage Parkinson’s disease.
Br ] Radiol. (2018) 91:20180037. doi: 10.1259/bjr.20180037

Shin C, Lee S, Lee JY, Rhim JH, Park SW. Non-motor symptom burdens
are not associated with iron accumulation in early Parkinson’s disease: a
quantitative susceptibility mapping study. J Korean Med Sci. (2018) 33:e96.
doi: 10.3346/jkms.2018.33.e96

Chen Q, Chen Y, Zhang Y, Wang E Yu H, Zhang C, et al. Iron deposition
in Parkinson’s disease by quantitative susceptibility mapping. BMC Neurosci.
(2019) 20:23. doi: 10.1186/s12868-019-0505-9

AnH, Zeng X, Niu T, Li G, Yang ], Zheng L, et al. Quantifying iron deposition
within the substantia nigra of Parkinson’s disease by quantitative susceptibility
mapping. ] Neurol Sci. (2018) 386:46-52. doi: 10.1016/j.jns.2018.01.008

Kim EY, Sung YH, Shin HG, Noh Y, Nam Y, Lee ]. Diagnosis of
early-stage idiopathic parkinson’s disease using high-resolution quantitative
susceptibility mapping combined with histogram analysis in the substantia
nigra at 3 T. J Clin Neurol. (2018) 14:90-7. doi: 10.3988/jcn.2018.14.1.90
Shahmaei V, Faeghi FE Mohammdbeigi A, Hashemi H, Ashrafi F. Evaluation
of iron deposition in brain basal ganglia of patients with Parkinson’s disease
using quantitative susceptibility mapping. Eur ] Radiol Open. (2019) 6:169-74.
doi: 10.1016/j.ejr0.2019.04.005

Hirsch EC. Altered regulation of iron transport and storage in
Parkinson’s ~ disease. ] Neural Transm Suppl. (2006) 71:201-4.
doi: 10.1007/978-3-211-33328-0_21

Yablonskiy DA, Haacke EM. Theory of NMR signal behavior in magnetically
inhomogeneous tissues: the static dephasing regime. Magn Reson Med. (1994)
32:749-63. doi: 10.1002/mrm.1910320610

Li ], Chang S, Liu T, Wang Q, Cui D, Chen X, et al. Reducing the object
orientation dependence of susceptibility effects in gradient echo MRI through
quantitative susceptibility mapping. Magn Reson Med. (2012) 68:1563-9.
doi: 10.1002/mrm.24135

Damier P, Hirsch EC, Agid Y, Graybiel AM. The substantia nigra of the human
brain. II. Patterns of loss of dopamine-containing neurons in Parkinson’s
disease. Brain. (1999) 122(Pt 8):1437-48. doi: 10.1093/brain/122.8.1437

Park MJ, Kim HS, Jahng G-H, Ryu C-W, Park SM, Kim SY. Semiquantitative
assessment of intratumoral susceptibility signals using non-contrast-
enhanced high-field high-resolution susceptibility-weighted imaging in
patients with gliomas: comparison with MR perfusion imaging. Am ]
Neuroradiol. (2009) 30:1402-8. doi: 10.3174/ajnr.A1593

Schifer A, Wharton S, Gowland P, Bowtell R. Using magnetic field
simulation to study susceptibility-related phase contrast in gradient echo MRI.
Neuroimage. (2009) 48:126-37. doi: 10.1016/j.neuroimage.2009.05.093
Robinson SD, Bredies K, Khabipova D, Dymerska B, Marques JP, Schweser
F. An illustrated comparison of processing methods for MR phase imaging
and QSM: combining array coil signals and phase unwrapping. NMR Biomed.
(2017) 30:3601. doi: 10.1002/nbm.3601

Haacke EM, Liu S, Buch S, Zheng W, Wu D, Ye Y. Quantitative susceptibility
mapping: current status and future directions. Mag Reson Imag. (2015) 33:1-
25. doi: 10.1016/j.mri.2014.09.004

Wu B, Li W, Avram AV, Gho S-M, Liu C. Fast and tissue-optimized
mapping of magnetic susceptibility and T2* with multi-echo and multi-
shot spirals. NeuroImage. (2012) 59:297-305. doi: 10.1016/j.neuroimage.2011.
07.019

Liu T, Surapaneni K, Lou M, Cheng L, Spincemaille P, Wang Y. Cerebral
microbleeds: burden assessment by using quantitative susceptibility mapping.
Radiology. (2012) 262:269-78. doi: 10.1148/radiol. 11110251

Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA

Frontiers in Neurology | www.frontiersin.org

May 2020 | Volume 11 | Article 366


https://doi.org/10.1016/j.jpsychires.2017.07.019
https://doi.org/10.1002/hbm.1058
https://doi.org/10.3174/ajnr.A2865
https://doi.org/10.1016/j.neurobiolaging.2012.10.025
https://doi.org/10.1016/j.mri.2015.02.021
https://doi.org/10.3174/ajnr.A4260
https://doi.org/10.1016/j.parkreldis.2014.11.017
https://doi.org/10.1371/journal.pone.0162460
https://doi.org/10.1002/mds.27318
https://doi.org/10.3389/fnagi.2019.00106
https://doi.org/10.1007/s00234-010-0677-6
https://doi.org/10.3174/ajnr.A2765
https://doi.org/10.1016/j.mri.2013.04.015
https://doi.org/10.1016/j.brainres.2010.03.036
https://doi.org/10.1111/j.1468-1331.2011.03658.x
https://doi.org/10.1002/jmri.22752
https://doi.org/10.1111/ene.13208
https://doi.org/10.3174/ajnr.A4645
https://doi.org/10.1016/j.parkreldis.2017.08.013
https://doi.org/10.1002/mds.27730
https://doi.org/10.1259/bjr.20180037
https://doi.org/10.3346/jkms.2018.33.e96
https://doi.org/10.1186/s12868-019-0505-9
https://doi.org/10.1016/j.jns.2018.01.008
https://doi.org/10.3988/jcn.2018.14.1.90
https://doi.org/10.1016/j.ejro.2019.04.005
https://doi.org/10.1007/978-3-211-33328-0_21
https://doi.org/10.1002/mrm.1910320610
https://doi.org/10.1002/mrm.24135
https://doi.org/10.1093/brain/122.8.1437
https://doi.org/10.3174/ajnr.A1593
https://doi.org/10.1016/j.neuroimage.2009.05.093
https://doi.org/10.1002/nbm.3601
https://doi.org/10.1016/j.mri.2014.09.004
https://doi.org/10.1016/j.neuroimage.2011.07.019
https://doi.org/10.1148/radiol.11110251
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Pyatigorskaya et al.

Iron Imaging in Parkinson’s Disease

statement. ] Clin Epidemiol (2009) 62:1006-1012. doi: 10.1016/j.jclinepi.2009.
06.005

73. Schweser E Robinson SD, Rochefort L de, Li W, Bredies K. An
illustrated comparison of processing methods for phase MRI and QSM:
removal of background field contributions from sources outside the
region of interest. NMR in Biomedicine. (2017) 30:e3604. doi: 10.1002/
nbm.3604

74. Langkammer C, Schweser F, Shmueli K, Kames C, Li X, Guo L, et al.
Quantitative susceptibility mapping: Report from the 2016 reconstruction
challenge. Magn Reson Med. (2018) 79:1661-1673. doi: 10.1002/mrm.
26830

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Pyatigorskaya, Sanz-Morére, Gaurav, Biondetti, Valabregue,
Santin, Yahia-Cherif and Lehéricy. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

16

May 2020 | Volume 11 | Article 366


https://doi.org/10.1016/j.jclinepi.2009.06.005
https://doi.org/10.1002/nbm.3604
https://doi.org/10.1002/mrm.26830
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Iron Imaging as a Diagnostic Tool for Parkinson's Disease: A Systematic Review and Meta-Analysis
	Introduction
	Methods
	Articles Review
	Statistical Meta-Analysis
	Data Extraction
	Effect Size
	Between-Study Heterogeneity
	Outliers
	Risk of Bias
	Other Statistical Tests
	Correlations


	Results
	Regions of Interest in the SN
	Group Comparisons and Effect Sizes
	R2 Meta-Analysis
	SWI Meta-Analysis
	QSM Meta-Analysis

	Comparison Between R2 and QSM
	Correlation Analyses
	Scanner Effects

	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material
	References


