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Abstract. – OBJECTIVE: The pathogene-
sis of Parkinson’s disease (PD) is associated 
with abnormal iron accumulation. Magnetic res-
onance imaging (MRI) studies have shown that 
patients with Parkinson’s disease have an in-
creased amount of iron in their substantia nig-
ra (SN). We have undertaken a meta-analysis of 
studies using MRI in PD, to explore the poten-
tial role of MRI in diagnosing PD using abnormal 
iron deposition in SN as a candidate biomarker.

MATERIALS AND METHODS: Searches of 
PubMed, Embase, and Medline databases re-
vealed 16 studies that compared PD patients 
and healthy controls (HC). A sensitivity analysis 
and subgroup analysis were performed to eval-
uate the reliability of our results. Estimates were 
pooled by the fixed-effects model. As an expres-
sion of I2, we computed the proportion of varia-
tion due to heterogeneity.

RESULTS: We included 16 studies with sam-
ple sizes of 435 PD and 355 HC in our meta-anal-
ysis. Results showed that SN iron deposition 
was significantly elevated (p<0.00001) in pa-
tients with PD compared to HC ones (SMD=0.72, 
95% confidence interval 0.57 to 0.87, p<0.00001).

CONCLUSIONS: Our findings, based on a ho-
mogeneous group-level analysis, suggest that 
MRI-based SN iron deposition could be used to 
distinguish PD from HC. For a more rigorous in-
vestigation of SN iron deposition in PD, larger 
cohort studies are needed.

Key Words:
Magnetic resonance, Imaging assessment, Sub-

stantia nigral iron deposition, Parkinson’s disease, Me-
ta-analysis.

Introduction

Globally, Parkinson’s disease is the second most 
common neurodegenerative disorder1. In Parkin-
son’s disease (PD), dopaminergic neurons in the 

substantia nigra (SN) are lost2. The main di-
agnostic criteria for Parkinson’s disease remain 
bradykinesia plus rigidity accompanied by resting 
tremor, which often occur years after the onset of 
the disease1. Although the diagnostic criteria have 
been revised, delayed diagnosis or misdiagnosis of 
PD often occurs because there are many clinical 
similarities in parkinsonism3. In order to make an 
early diagnosis of PD before motor symptoms ap-
pear, numerous efforts have been made to explore 
biomarkers of PD4. At present, biomarkers mainly 
focus on symptom evaluation, specific neuroim-
aging changes, and biochemical determination of 
biological fluids in PD. Some biomarkers are being 
tested in clinical trials to provide value for the di-
agnosis and prognosis of PD5.

In 1924, Lhermitte et al6 demonstrated ab-
normal iron deposition in PD brain autopsies. 
Over the course of the next 90 years, this abnor-
mal iron accumulation has been linked to the 
pathogenesis of PD; with the elevated iron levels 
within the SN of patients with PD being linked 
to dopaminergic neuronal cell death7. Labile iron 
in parkinsonian SN generated higher reactive 
oxygen species activity, thus leads to the death 
of dopaminergic neurons in SN8. Iron is para-
magnetic in the living brain tissue, whose eval-
uation could be obtained from various magnetic 
resonance (MR) imaging9. This has led to the 
assumption that evaluation of brain iron deposi-
tion via MR imaging might be used to diagnose 
and monitor the progression of PD.

T2 or T2*-based method, which can capture 
the presence of paramagnetic ions such as tissue 
iron, has been applied to assess the iron of SN 
in PD patients. Additional proton spin dephasing 
induces microscopic magnetic fields surrounding 
the iron deposits, leading to a loss of signals and 
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causing a strong shortening of T2 or T2* relax-
ation time. T2 or T2* relaxation rate (1/T2=R2, 
1/T2*=R2*) then increases by iron concentration 
in PD patients10. Wallis et al11 demonstrated that 
calculated R2’ (R2’= R2*- R2) via partially refo-
cused interleaved multiple echo (PRIME) MRI 
sequence can also quantify brain iron in PD 
patients. Using a PRIME MRI sequence, R2’ 
may be calculated since both R2 and R2* in-
formation can be achieved from a single scan11. 
Susceptibility-Weighted Imaging (SWI) is a novel 
useful three-dimensional gradient echo sequence. 
Signals from susceptible substances difference 
between tissues generate various contrast from 
high-pass filtered SWI phase images12.  Relative 
to its surrounding tissues, changes in the amount 
of iron will result in changes in the phase of the 
tissue, thus it can be used to quantify iron con-
centration of tissues. Using this methodology, 
increased iron deposition could be detected by 
MRI in the SN of patients in PD patients9,13.

In this study, we aimed to undertake a me-
ta-analysis of MRI-based studies comparing the 
iron deposition in SN in idiopathic PD patients 
and healthy controls (HC) and explore the poten-
tial role of MRI in the diagnosis of PD. 

Materials and Methods

Search Strategies and Study Selection
The literature encompassed in this research 

comprised: (1) a well-defined depiction of iron ir-
regularities in the substantia nigra; (2) a compar-
ison between patients with Parkinson’s disease 
(PD) and those with healthy controls (HC); (3) 
adherence to internationally recognized diagnos-
tic criteria; (4) written in the English language. 
The human research committee at the Changshu 
Mingzhou Rehabilitation Hospital approved the 
study protocol after informed consent was given 
by all subjects. Based on the following search 
terms, papers were found by a computer liter-
ature search in July 2023: “parkinson disease” 
or “PD” or “Paralysis Agitans”, “Magnetic Res-
onance Imaging” or “MRI”, “substantia nigra” 
or “Nigra Substantia” or “Nigras Substantia” or 
“Substantia Nigras” or “nigra” or “SN”, “iron” 
or “Ferric Compounds” or “Ferritins”. 67 papers 
were duplicated and excluded. Of the remaining 
413 abstracts, a further 388 were rejected due to 
irrelevant topics and improper types. A total of 
25 full-text papers were retrieved, and only 16 of 
these papers met our inclusion criteria (Figure 1). 

A review of the reference lists of these papers 
revealed no further studies for inclusion in our 
meta-analysis11,15-29. Two authors in our study in-
dependently reviewed all 16 articles and extract-
ed and verified the data from each other. If two or 
more studies contained the same or overlap size 
of patients, only the largest one was chosen.

The manuscript was prepared and revised ac-
cording to the PRISMA 2020 guidelines.

Statistical Analysis
Standardized mean difference (SMD) was 

used for continuous data, combining effect size 
(Hedge’s g) to correct for small-scale bias. Het-
erogeneity was assessed using Cochran Q and 
I2. If I2 is <50%, suggesting greater homoge-
neity, a fixed-effects model was used for this 
homogenous analysis (I2=25%) to calculate the 
pooled mean effect size. Sensitivity analysis sug-
gests a significant difference in the overall ef-
fect (p<0.00001). The robustness of our findings 
was further enhanced by performing sensitivity 
analyses and subgroup analyses. An asymmetric 
funnel plot was used to assess publication bias. 
Analyses were performed with Review Manager 
(RevMan 5.3) for Windows. 

Results

Study Characteristics
16 studies of SN iron deposition assessed by 

MRI in PD or HC satisfied our inclusion criteria 
(these studies included 435 PD and 355 HC). The 
pooled mean characteristics of included studies 

Figure 1. Flow diagram of article selection.
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were as follows: age, range 50-66.5 years old; 
the number of males, range 5-42; the number of 
females, range 2-28; disease duration, range 1.65-
9.04 years; Hoehn and Yahr (HY) stage, range 
1.65-3; UPDRS-III motor score, range 11.38-34.6. 
The characteristics of the included studies are 
shown in Table I.

SN Iron Deposition
Iron deposition in SN was significantly greater in 

patients with PD than that in HC (SMD=0.72, 95% 
CI=0.57 to 0.87, p<0.00001, Z=9.41, 16 studies, n=790, 
Figure 2). Using I2, a measure of the heterogeneity of 
the studies, showed that the studies in our meta-analy-
sis were homogenous (p=0.18, I2=25%; Figure 2). 

Further subgroup analyses were performed ac-
cording to the following categories: “Image”, “Dis-
ease duration”, “H-Y stage”, “UPDRS-III motor 
score”. Detailed results of subgroup analysis were 
depicted in Supplementary Figures 1-4. 

Each study was excluded sequentially from the 
sensitivity analysis. A significant overall effect 
(p<0.00001) was shown in Table II according to 
the sensitivity analysis. 

No subgroup difference was detected in each 
category (Table III). In addition, R2* or SWI 
tended to have a larger effect than T2* (sub-
group effect: “R2*”: Z=7.65, p<0.00001, “SWI”: 
Z=5.24 p<0.00001, “T2*”: Z=2.31 p=0.02). The 
iron content of SN in patients with PD increased 

Table I. Characteristics of studies included in this meta-analysis of SN iron content.

						      Disease		  UPDRS-III
			   Sample	 Male	 Age-	 Duration-	 H-Y	 motor
Study	 Image	 Group	 size	 (female)	 yr	 yr	 stage	 Score

Gorell et al21	 R2*	 PD	 13	 11 (2)	 65.2 ± 12.7	 NA	 NA	 NA
1995		  HC	 9	 5 (4)	 60.0 ± 8.7			 
Graham et al19	 R2*	 PD	 21	 11 (10)	 50.2 ± 9.5	 11.1 ± 4.5	 NA	 NA
2000		  HC	 13	 7 (6)	 NA			 
Wallis et al11	 R2*	 PD	 70	 42 (28)	 64.9	 9.04	 3	 NA
2008		  HC	 10	 5 (5)	 57.2			 
Zhang et al18	 SWI	 PD	 25	 12 (13)	 66.5 ± 8.1	 3.4 ± 2.6	 NA	 19.0 ± 6.7
2010		  HC	 26	 14 (12)	 57.3 ± 11.6			 
Lee et al23	 T2*	 PD	 20	 12 (8)	 62.2 ± 10.2	 4.0 ± 2.3	 1.65 ± 0.49	 18.3 ± 6.1
2010		  HC	 20	 12 (8)	 62.3 ± 10.8			 
Du et al17	 R2*	 PD	 40	 23 (17)	 60.7 ± 8.3	 4.2 ± 4.7	 1.75 ± 0.6	 23.4 ± 15.2
2012		  HC	 29	 12 (17)	 59.6 ± 6.7			 
Han et al16	 SWI	 PD	 15	 7 (8)	 57.4 ± 7.1	 2.52 ± 1.6	 2.2 ± 0.45	 23.0 ± 5.6
2012		  HC	 20	 12 (8)	 55.9 ± 6.2			 
Bunzeck et al22	 R2*	 PD	 20	 11 (9)	 66.3 ± 9.0	 6.27 ± 4.4	 NA	 34.6 ± 17.4
2013		  HC	 20	 10 (10)	 66 ± 9.1			 
Kim et al15	 SWI	 PD	 30	 19 (11)	 57.6 ± 6.8	 1.65 ± 1.1	 1.7 ± 0.47	 24.5 ± 8.4
2014		  HC	 25	 12 (13)	 56.2 ± 6.5			 
Barbosa et al20	 R2*	 PD	 20	 12 (8)	 66 ± 8	 8.1 ± 4.2	 2.25 ± 0.6	 NA
2015		  HC	 30	 9 (21)	 64 ± 7			 
Xuan et al25	 T2*	 PD	 35	 17 (18)	 50.0 ± 5.3	 4.4 ± 3.4	 2.1 ± 0.8	 26.4 ± 17.6
2017		  HC	 24	 11 (13)	 51.8 ± 7.5			 
Costa-Mallen	 R2*	 PD	 24	 11 (13)	 63.6 ± 9.0	 NA	 2.1 ± 0.54	 NA
et al26 2017		  HC	 27	 14 (13)	 64.0 ± 9.2			 
Arribarat et al27	 R2*	 PD	 18	 10 (8)	 65.2 ± 6.6	 6.83 ± 4.7	 NA	 11.38 ± 4.92
2019		  HC	 21	 8 (13)	 66 ± 4.91			 
Cheng et al29  	 R2*	 PD	 25	 14 (11)	 65.28 ± 8.32	 4.56 ± 4	 2.3 ± 0.66	 NA
2020		  HC	 28	 10 (18)	 63.67 ± 9.58			 
He et al28 	 R2*	 PD	 39	 17 (22)	 63.4 ± 7.0	 6.1 ± 4.5	 1.7 ± 0.078	 22.13 ± 12.64
2020		  HC	 33	 14 (19)	 63.8 ± 6.9			 
Lee et al24 	 R2*	 PD	 20	 10 (10)	 61 ± 4	 5 ± 3	 2.0 ± 0.4	 18.5 ± 7.7
2021		  HC	 20	 10 (10)	 61 ± 3			 

SN, substantia nigra; SWI, Susceptibility-Weighted Imaging; HY, Hoehn and Yahr stage; UPDRS, Unified Parkinson Disease Rating 
Scale; NA, not available; ROI, regions of interest; HC, healthy control; PD, Parkinson’s disease; SMD, standardized mean difference.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figures-1-4.pdf
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with a prolonged course of the disease, as our 
data showed (subgroup effect: Mean duration >4 
years: Z=7.48, p<0.00001. Mean duration <=4 
years, Z=4.84, p<0.00001). The deposition of 
iron within the SN was greater with increasing 
severity of PD, judged by UPDRS-III staging, 
compared to HC (subgroup effect: “UPDRS-III 
motor score Mean >20”: Z=6.36, p<0.00001, 
Mean “UPDRS-III motor score <20”: Z=5.28, 
p<0.0001) (Table III).

Publication Bias
When testing for publication bias, the funnel 

plot appeared to show asymmetry (Figure 3).

Discussion

Iron stored as ferritin exhibited high concentra-
tions in the extrapyramidal system, such as SN, 
which contributes to the brain circuits responsible 

Figure 2. Forest plot of standardized mean difference (SMD) of substantia nigra (SN) iron deposition in Parkinson’s disease 
(PD) and Health control (HC).

Table II. Results of the sensitivity analysis for overall effect.

					     Test for 	 Test for
			   Sample		  heterogeneity	 overall effect
			   size	 SMD	
	 Excluded study	 Group	 (PD, HC)	 [95% CI]	 I2 -%	 p	 Z	 p

Arribarat et al27 2019	 PD, HC	 18, 21	 0.69 [0.53, 0.84]	 10%	 0.34	 8.76	 p < 0.00001
Du et al17 2012	 PD, HC	 40, 29	 0.71 [0.55, 0.87]	 29%	 0.14	 8.82	 p < 0.00001
Zhang et al18 2010	 PD, HC	 25, 26	 0.71 [0.55, 0.86]	 28%	 0.15	 8.9	 p < 0.00001
Graham et al19 2000	 PD, HC 	 21, 13	 0.72 [0.57, 0.87]	 30%	 0.13	 9.17	 p < 0.00001
Barbosa et al20 2015	 PD, HC 	 20, 30	 0.76 [0.60, 0.91]	 19%	 0.24	 9.5	 p < 0.00001
Gorell et al21 1995	 PD, HC 	 13, 9	 0.71 [0.55, 0.86]	 22%	 0.21	 9.07	 p < 0.00001
Wallis et al11 2008	 PD, HC 	 70, 10	 0.71 [0.56, 0.87]	 29%	 0.14	 9.05	 p < 0.00001
Lee et al24 2021	 PD, HC 	 20, 20	 0.71 [0.55, 0.86]	 26%	 0.17	 8.95	 p < 0.00001
Xuan et al25 2017	 PD, HC 	 35, 24	 0.72 [0.57, 0.88]	 30%	 0.13	 9.05	 p < 0.00001
He et al28 2020	 PD, HC 	 39, 33	 0.75 [0.59, 0.91]	 25%	 0.18	 9.28	 p < 0.00001
Bunzeck et al22 2013	 PD, HC 	 20, 20	 0.73 [0.57, 0.88]	 29%	 0.13	 9.2	 p < 0.00001
Costa-Mallen et al26 2017	 PD, HC 	 24, 27	 0.74 [0.58, 0.89]	 28%	 0.15	 9.25	 p < 0.00001
Cheng et al29 2020	 PD, HC 	 25, 28	 0.74 [0.59, 0.90]	 27%	 0.16	 9.29	 p < 0.00001
Baudrexel et al23 2010	 PD, HC 	 20, 20	 0.76 [0.60, 0.91]	 17%	 0.27	 9.56	 p < 0.00001
Kim et al15 2014	 PD, HC 	 30, 25	 0.73 [0.57, 0.88]	 30%	 0.13	 9.09	 p < 0.00001
Han et al16 2012	 PD, HC 	 15, 20	 0.69 [0.54, 0.85]	 12%	 0.32	 8.83	 p < 0.00001
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CI, confidence interval; SWI, Susceptibility-Weighted Imaging; H-Y, Hoehn-Yahr; UPDRS, Unified Parkinson Disease Rating Scale; NA, not available; HC, Health control; PD, 
Parkinson’s disease; SMD, standardized mean difference.

Table III. Results of subgroup analyses.

					     Test for heterogeneit	 Test for subgroup	 Test for subgroup
		  Included			   within subgroup	 effect	 differences
		  study	 Sample size		
	 Subgroup	 number	 (PD, HC)	 SMD [95% CI]	 I2 -%	 p	 Z	 p	 I2 -%	 p

Image	 R2*	 11	 310, 240	 0.71 [0.53, 0.90]	 20%	 p = 0.25	 7.65	 p < 0.00001	 31.4%	 0.23
	 SWI	   3	 70, 71	 0.94 [0.59, 1.30]	 31%	 p = 0.24	 5.24	 p < 0.00001	
	 T2*	   2	 55, 44	 0.48 [0.07, 0.88] 	 36%	 p = 0.21	 2.31	 p = 0.02	
Disease duration	 Mean ≤ 4 years	   4	 90, 91	 0.76 [0.45, 1.06] 	 59% 	 p = 0.06	 4.84	 p < 0.00001	 0% 	 0.78
	 Mean > 4 years	 10	 308, 228	 0.71 [0.52, 0.89] 	 10%	 p = 0.35	 7.48	 p < 0.00001	      
H-Y stage	 Mean ≤ 2.1 	   7	 208, 178	 0.63 [0.42, 0.83]	   0% 	 p = 0.55	 5. 95	 p < 0.00001	 0% 	 0.80
	 Mean > 2.1	   4	 130, 88	 0.68 [0.37, 0.99]	 59% 	 p = 0.06	 4.26 	 p < 0.00001	

UPDRS-III motor score	 Mean < 20	   4	 83, 87	 0.86 [0.54, 1.18] 	 61% 	 p = 0.05	 5.28 	 p < 0.00001	 0%	 0.52
	 Mean > 20	   6	 179, 151	 0.73 [0.51, 0.96]	   8%	 p = 0.37	 6.36	 p < 0.00001	
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for involuntary movement21. In our meta-analysis, 
all 16 studies detected SN iron deposition in PD 
patients, consistent with the loss of dopaminergic 
neurons in SN, the neuropathological hallmark of 
PD. Labile iron deposition leads to neurotoxicity, 
triggering the death of dopaminergic cells and 
symptomatic motor defects in PD patients8.

The SN iron accumulation assessed by MRI 
may provide a novel method to detect neuron loss 
in vivo. Our meta-analysis detected a large, pooled 
effect size for iron elevation in the SN of PD pa-
tients. In our meta-analysis, the I2 of 25% reflects 
the homogeneity of the studies included, further 
suggesting that these results may be generalizable 
to a standard PD population. A robust sensitivity 
analysis in our study also supported this finding.

R2* and SWI are widely available and com-
monly used in MRI assessment, which could 
assess the SN iron accumulation to identify pre-
clinical cases of PD30. Our subgroup analyses 
suggested that R2* and SWI might be a more 
sensitive method for imaging brain iron than oth-
er MRI analyses. In contrast with SWI, R2* has 
a lower sensitivity and specificity. SWI contrib-
utes enormously to the diagnosis of PD at an early 
stage. One recent study31 using vector machine 
analysis (SVM) of SWI classified PD patients 
with an accuracy of more than 86%. By measur-
ing the diffusion of water molecules, diffusion 
tensor imaging (DTI) determines the integrity of 

white matter tracts. Disruptions of microstructur-
al tissue integrity in neurodegenerative diseases, 
such as PD, can lead to alterations in DTI. Mul-
timodal imaging, combined with DTI and the 
assessment of SN iron deposition, may enhance 
the diagnostic sensitivity of PD in the future32.

Previous studies18,21,33,34 have demonstrated that 
iron concentrations of the SN were closely linked 
to the UPDRS-III motor score (r=0.361, p=0.022) 
in SWI (r=0.47, p=0.004) in T2*. We confirmed it, 
we found that the deposition of iron within the SN 
was greater with increasing severity of PD, judged 
by UPDRS-III staging. Besides, our subgroup anal-
yses demonstrated that mean disease duration >4 
years is related to more iron deposition in SN in 
patients with PD, compared with those mean dis-
ease duration <4 years. Therefore, SN iron content 
might be useful to monitor PD progression. Based 
on homogenous group analysis, MRI-based SN iron 
could also be a noninvasive imaging marker for PD.

It is important to note that there are a few lim-
itations to the present study. Firstly, unpublished 
studies were not taken into account, and the re-
search was restricted to papers only in English. 
Secondly, the number of studies that met our 
inclusion criteria was quite small. Lastly, there 
may be a possibility of publication bias for this 
meta-analysis, which cannot be ruled out.

Nevertheless, MRI assessment of SN iron ap-
pears to be a potentially valuable means for 

Figure 3. Funnel plot appeared to show asymmetry.
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identifying abnormal iron deposition in PD pa-
tients. This means that this imaging modality can 
play a vital role in early diagnosis and following 
progression of PD. Our findings based on homo-
geneous group-level analysis might indicate that 
MRI-based SN iron could be a potential way to 
differentiate individuals with PD from HC at an 
early stage of the disease. However, larger cohort 
studies are required to investigate SN iron ele-
vation in PD more rigorously. Some studies35,36 

showed that quantitative susceptibility mapping 
and multimodal neuroimaging will be facilitated 
to get better reliability of the results. Because of 
the popularity and feasibility of MRI technology, 
we hope that the determination of iron content in 
SN by MRI could be a candidate for a biomarker 
for the diagnosis of PD in the future.

Conclusions

MRI assessment for the detection of SN iron 
deposition, including R2* or SWI, could be an 
early promising biomarker in patients with PD. 
Moreover, SN iron deposition evaluated by MRI 
may monitor the progression and severity of PD. 
However, since the sensibility of MRI may not be 
exactly clear, more sensitive methods are needed 
to explore.
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