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Since its introduction, susceptibility-weighted-magnetic resonance imaging (SW-MRI) has shown the 
potential to overcome the insensitivity of MRI to calcification. Previous studies reporting the diagnostic 
performance of SW-MRI and magnetic resonance imaging (MRI) for the detection of calcifications are 
inconsistent and based on single-institution designs. To our knowledge, this is the first meta-analysis on 
SW-MRI, determining the potential of SW-MRI to detect calcifications. Two independent investigators 
searched MEDLINE, EMBASE and Web of Science for eligible diagnostic accuracy studies, which were 
published until March 24, 2017 and investigated the accuracy of SW-MRI to detect calcifications, using 
computed tomography (CT) as a reference. The QUADAS-2 tool was used to assess study quality and 
methods for analysis were based on PRISMA. A bivariate diagnostic random-effects model was applied 
to obtain pooled sensitivities and specificities. Out of the 4629 studies retrieved by systematic literature 
search, 12 clinical studies with 962 patients and a total of 1,032 calcifications were included. Pooled 
sensitivity was 86.5% (95%-confidence interval (CI): 73.6–93.7%) for SW-MRI and 36.7% (95%–CI:29.2–
44.8%) for standard MRI. Pooled specificities of SW-MRI (90.8%; 95%–CI:81.0–95.8%) and standard MRI 
(94.2; 95%–CI:88.9–96.7%) were comparable. Results of the present meta-analysis suggest, that SW-
MRI is a reliable method for detecting calcifications in soft tissues.

Calcifications can be prognostic markers in a variety of locations or tissues1–3. CT is currently used as the ref-
erence standard for the detection of calcifications. However, it is associated with the disadvantage of exposing 
patients to ionizing radiation. Standard MRI, on the other hand, is radiation-free, but insensitive to calcifications4.

SW-MRI, which is gradually being adapted into clinical practice, has shown the potential to overcome this 
drawback of MRI. It is a high spatial resolution MRI gradient echo (GRE) technique, relying on susceptibility 
differences between tissues to produce a contrast different from T1, T2 and T2* weighted images5. While most 
clinically used MR sequences mainly use the information derived from magnitude images and discard the phase 
information6, the development of phase filters has enabled the removal of artefacts and the generation of a tissue 
contrast based on local susceptibility differences. The filtered phase image is useful to differentiate between dia-
magnetic (e.g. calcium) and paramagnetic (e.g. blood products, iron) compounds and to identify calcifications5,6. 
In the years since its introduction, it has been suggested that SW-MRI can offer additional diagnostic information 
across a wide spectrum of pathologies without radiation exposure7.

Previous studies reporting the diagnostic performance of SW-MRI and MRI for the detection of calcifications 
are partly inconsistent and based on single-institution designs. To date, there has been no systematic and quali-
tative synthesis of this evidence.
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Therefore, we sought to compare and determine the potential of SW-MRI for detecting calcifications in 
brain and body soft tissues. More specifically, we proposed the following explicit statement of questions (PICO): 
Patients with intracranial or extracranial calcifications; Index test of SW-MRI used to identify calcifications and 
differentiate it from other tissues; if direct Comparison to standard MRI was performed in the same patients, this 
data will also be extracted and used for comparison; Outcome (presence or absence of calcifications) was assessed 
based on the reference standard CT.

Results
A Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart8 was used to report 
the decisions made in the course of the study selection process (see Supplementary Information S1 and see Fig. 1 
for the study selection flowchart). Overall, 12 suitable clinical studies were identified and included in the present 
meta-analysis1,2,9–18. See Supplementary Information S2 for a list of studies, which were excluded at the level of 
full-text search, including the individual reason for exclusion.

Patient and study characteristics.  In total, 962 patients (male = 554, female = 257, sex unknown = 151) 
were included with an average age of 52.2 years. MRI and CT examinations were performed within a period of 0.5 
to 90 days. All the studies were single-centre and study design was described as prospective in six of the studies, 
as retrospective in five of the studies and remained unclear in one case. Six of the studies were performed on 1.5T 
scanners, five of the studies at 3T and one of the studies was performed at both 1.5 and 3T. The characteristics of 
the patients and studies included in this meta-analysis are provided in Table 1.

Quality assessment.  The detailed results of the QUADAS-2 (QUality Assessment of Diagnostic Accuracy 
Studies) evaluation of the methodologic quality (risk of bias and concerns regarding applicability) are presented 
in Fig. 2. The majority of the studies were assessed as having low concerns regarding applicability. Methods of 
reconstruction and especially the interpretation of the CT and MRI scans were poorly described. In five of the 
studies the risk of bias for patient selection was unclear due to incomplete reporting on the methods of patient 
selection. Risk of bias related to the conduction of the index test or the reference standard was unclear in eight 
or seven of the studies, as no information was provided on whether the radiologists were blinded to the refer-
ence standard or the index test. Several studies did not describe, if there was an appropriate interval between the 
interpretation of the index test(s) and the reference standard10,14,15,17,19,20. The time intervals given ranged from 
less than 24 hours to three months. For one patient, the interval between the MRI and the CT examination was 
10 months, because of which the corresponding study was rated as having a high risk of bias related to flow and 
timing.

Figure 1.  Study selection flowchart.
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Assessment of calcifications.  The diagnostic performance of SW-MRI for the identification of calcifica-
tions was analysed in all studies. The resulting forest plots of the log diagnostic odds ratios are given in Fig. 3. 
Table 2 provides an overview of the detailed results for sensitivities and specificities. The pooled sensitivity for 
SW-MRI was 86.5% (95% CI: 73.6–93.7%) and the pooled specificity was 90.8% (95% CI: 81.0–95.8%). sROC 
curves of overall diagnostic accuracy for SW-MRI and MRI are provided in Fig. 4. The area under the curve 
(AUC) for SW-MRI was 0.95 (MRI: 0.78). Especially for standard MRI, the extrapolation of the sROC curve is 
highly vulnerable to outliers.

In half of the studies1,2,9,15,17,21 direct comparison to standard MRI was performed with a pooled sensitivity of 
36.7% (95% CI: 29.2–44.8%) and a pooled specificity of 94.2% (95% CI: 88.9–96.7%).

The marginally lower specificity of SW-MRI compared to standard MRI is most likely to be explained by the 
inverse proportional relationship of sensitivity and specificity.

To evaluate, if the differences observed between standard MRI and SW-MRI were significant, an analysis of 
variance (ANOVA) was performed. Sensitivity and specificity differed significantly for MRI and SW-MRI, when 
the imaging method was added as a covariate (p < 0.0001).

The data retrievable from Zhu et al.22 only permitted the calculation of the sensitivity for the detection of cal-
cifications and could thus not be included into the bivariate model.

In the study by Chen et al.12, SW-MRI was compared against quantitative susceptibility mapping (QSM), 
whereby SW-MRI showed a significantly lower diagnostic performance.

Source 
Study Year

Case Date 
Range Study Design

Sample 
Size Region

Characteristics of imaging units Demographic data

MRI CT

Interval CT/
MRI (days)

Field 
strength

Image Unit 
Manufacturer

Detector 
rows

Attenuation 
threshold (HU) Men

Age 
(years)

Age range 
(years)

Adams et al. 2017 01/2014–
10/2016 retrospective 346 Germany <90 1.5 Siemens 64, 320 130 173 58.7 18–95

Bai et al. 2013 06/ 2011–
09/2012 prospective 76 China N/A 3 Siemens 16 100 76 69.5 49–91

Barbosa et al. 2015 N/A retrospective 6 Brazil 90 (1 with 
300) 3 Philips 16 N/A 4 N/A 41–54

Berberat 
et al. 2014 N/A retrospective 11 Switzerland N/A 1.5 Siemens 320 N/A 58.9 39–74

Chen et al. 2014 03/2010–
08/2010 prospective 38 China 0.5–5 3 GE Healthcare 16 100 24 33 6–75

Dou et al. 2016 06/2011–
10/2014 prospective 156 China N/A 3 N/A 16 100 156 67.2 56–83

Gronemeyer 
et al. 1992 N/A unclear 19 USA N/A 1, 1.5 Siemens N/A 200 N/A N/A N/A

Saini et al. 2009 2006–2009 retrospective 137 India N/A 1.5 Siemens N/A N/A 16 22.6 5–32

Yamada et al. 1996 N/A prospective 49 Japan 30 1.5 Siemens N/A N/A N/A N/A N/A

Yang et al. 2009 N/A prospective 18 China N/A 3 Siemens 64 130 11 65 39–79

Zhu et al. 2008 09/2007–
12/2007 prospective 35 China <1 1.5 GE Healthcare 16 90 19 39 09–65

Zulfiqar et al. 2012 2001–2010 retrospective 71 USA N/A 1.5, 3 GE, Philips, 
Siemens N/A 33 42.5 14.5–78.5

Table 1.  Study Characteristics of the Included Studies. Note. – N/A = data not available.

Figure 2.  QUADAS-2 assessment of study quality. Grouped bar charts of the QUADAS-2 scores are expressed 
as percentage of the 12 included studies meeting each criterion. For each domain, the proportion of the 
included studies that indicate low/high/unclear concerns of applicability or risk of bias are displayed in light 
grey = “yes” answers (good quality), dark grey bar = “unclear” answers, and medium bar = “no” answers (low 
quality).
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Heterogeneity and publication bias.  The Chi-squared test suggested heterogeneous results for SW-MRI 
(p < 0.001 for sensitivity and for specificity) and also partly for MRI (p < 0.001 for sensitivity; p = 0.11 for speci-
ficity). Covariate analysis could only explain part of the observed heterogeneity. Adding the location of the lesion 
(intracranial/body) as a covariate to the model showed the greatest effect on the variability estimates for SW-MRI, 
whereby adding “intracranial” as a covariate decreased variability estimates from 1.12 and 1.09 (for sensitivity and 
specificity) to 1.04 and 0.89.

Considering the relatively small number of studies included in the present meta-analysis (n = 12), funnel 
plots and regression tests of asymmetry based on it may be inconclusive as a tool for detecting publication bias23. 
Although the regression test of asymmetry revealed a negative test result (p = 0.45 for SW-MRI and p = 0.19 for 
standard MRI), this cannot necessarily be taken as indicator of a low probability of publication bias. Especially 
with regard to standard MRI, with only six studies evaluating the performance of both SW-MRI and standard 
MRI, publication bias cannot be excluded.

Discussion
Major advances in MRI have led to the recent development of SW-MRI, which has opened the door to an 
improved non-invasive detection of even small amounts of calcification and haemorrhage. Over the last decade, 

Figure 3.  Forest plots showing the log diagnostic odds ratios (black squares) for susceptibility weighted imaging 
and standard magnetic resonance imaging (MRI) (where available) of each study with 95% confidence intervals 
(horizontal lines). The area of each square is proportional to the study’s weight in the meta-analysis and the summary 
measure of effect is plotted below as a diamond. An effect size of zero is indicated by the vertical dashed line.
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several literature reviews on SW-MRI have been published5,24–32, but to date there has been no systematic 
approach, critically evaluating and combining the results of comparable studies.

To our knowledge, this is the first meta-analysis to focus on the diagnostic performance of SW-MRI for the 
detection of calcifications. Pooled sensitivity and specificity estimates for SW-MRI were high. In the studies, that 
evaluated the performance of both standard MRI and SW-MRI, above two times more patients could be correctly 
assessed with SW-MRI compared to standard MRI.

Traditionally, CT is considered the reference standard for the detection of calcifications. However, it is 
associated with radiation exposure and accounts for the majority of the radiation exposure related to medical 
imaging33. This is especially relevant in children and younger patients, who are at a higher risk of developing 
radiation-induced tumors, infertility and other side effects, and in patients facing multiple follow-up examina-
tions. Therefore, the reduction of radiation dose has become a major concern in clinical routine.

Source Study
Sample 
Size

Number 
of Cases

SW-MRI MRI

True 
Positives

False 
Negatives

True 
Negatives

False 
Positives

True 
Positives

False 
Negatives

True 
Negatives

False 
Positives

Adams et al. 346 346 203 11 127 5 92 122 127 5

Bai et al. 76 76 22 0 54 0 3 19 54 0

Barbosa et al. 6 6 4 0 2 0 N/A N/A N/A N/A

Berberat et al. 11 11 4 1 2 4 N/A N/A N/A N/A

Chen et al. 38 151 57 32 47 15 N/A N/A N/A N/A

Dou et al. 156 163 109 3 51 0 36 76 63 6

Gronemeyer 
et al. 19 19 12 0 7 0 N/A N/A N/A N/A

Saini et al. 137 22 11 1 9 1 6 6 10 0

Yamada et al. 49 140 66 35 39 0 N/A N/A N/A N/A

Yang et al. 18 29 19 0 10 0 N/A N/A N/A N/A

Zhu et al. 35 56 55 1 N/A N/A 41 15 N/A N/A

Zulfiqar et al. 71 13 6 1 5 1 9 18 42 2

Table 2.  Overview of the True Positives, True Negatives, False Positives and False Negatives for SW-MRI and 
MRI. Notes. – N/A = data not available, SW-MRI = Susceptibility weighted magnetic resonance imaging.

Figure 4.  Summary ROC curves of overall diagnostic accuracy for susceptibility weighted magnetic resonance 
imaging (SW-MRI) and magnetic resonance imaging (MRI) (A), for the overall diagnostic accuracy of SW-
MRI (B) and the overall diagnostic accuracy of MRI (C). The false positive rate (1-specificity) is plotted against 
the false positive rate (1-specificity). The sROC curves show a deviation of the data points and especially for 
standard MRI, the extrapolation of the sROC curve is highly vulnerable to outliners.
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In this context, SW-MRI can offer an alternative radiation-free approach. Its development began in the 1990s 
with the introduction of “phase imaging” as a means to map susceptibility. After the acquisition of the magnitude 
and phase images, raw phase images are unwrapped and further processed, usually by transformation into a phase 
mask, which is then multiplied by the magnitude image34. Advances in phase unwrapping and background phase 
removal have been among the key steps to reduce artifacts and enhance tissue phase contrast. Over the years, 
various unwrapping and post-processing techniques such as Fourier-based unwrapping, Homodyne-filtering, 
Gaussian filtering and phase-unwrapping high-pass filtering have been developed in order to reduce artifacts and 
to enhance the susceptibility contrast6,34. So far, there have only been a limited number of studies comparing the 
performance of the different post-processing approaches and the influence of different filter types, but a recent 
study suggested, that phase wrapping followed by high-pass filtering might perform most accurately34.

The fields of clinical application for SW-MRI include the imaging of venous blood in acute or chronic 
ischemia, the visualization of the vascularization, haemorrhage and calcification of tumors, the identification of 
epilepsy-associated calcified and vascular abnormalities and measuring calcification or iron deposition in neu-
rodegenerative diseases2,9–12,14,15,18,22,35–39. It has been indicated that with regard to the differentiation between 
small calcification and haemorrhage, SW-MRI might even be superior to the reference standard CT, as due to a 
considerable overlap of attenuation values these conditions are not always easy to distinguish on CT scans19,40.

Besides brain imaging, possible clinical applications of SW-MRI have also been extended to other areas, 
among which belong the detection of prostatic calcification1,21, the identification of calcific tendonitis41 and sub-
acromial spurs42 as well as the visualization of peripheral vessel calcifications16.

Depending on their location and pattern, calcifications can hint at various pathologies. In the brain, calcifica-
tion is a very important factor in the diagnosis of brain neoplasms. As different tumors show overlapping features 
in different diagnostic imaging modalities, detecting whether a tumor is associated with calcifications is useful 
in narrowing the differential diagnosis. Tumors frequently showing intratumoral calcification include oligoden-
drogliomas, meningiomas, craniopharyngiomas, pineal gland tumors and ependymomas2,43. For prostate cancer, 
which has become one of the major challenges to public health, the identification of prostatic calcifications and 
differentiation from haemorrhage is an important diagnostic step, as the reliable detection of haemorrhage can 
be used as a biomarker for cancerous tissue44. Prostatic calcifications can indicate several urological diseases and 
symptoms such as underlying inflammation45. Within rotator cuff tendons, calcium deposition is a diagnostic 
clue for calcific tendonitis41. In vessels, calcifications can be a sign of advanced stages of atherosclerosis20. With 
regard to vessel calcifications and the imaging of complex plaque features with intraplaque haemorrhage and/or 
inflammation, SW-MRI has advantages over conventional imaging techniques by being able to detect even small 
foci of haemorrhage and to differentiate them from calcification32.

The various possible clinical applications of SW-MRI for detecting calcifications are also displayed by the stud-
ies included in the present meta-analysis: Pertaining to the neuroaxis, the aims of the original studies included the 
general detection and differentiation of intracranial calcifications by susceptibility weighted magnetic resonance 
imaging (SW-MRI) such as in the studies by Barbosa, Chen, Gronemeyer, Yamada and Zhu et al., the specific 
assessment of pineal gland calcifications (Adams et al.), of epilepsy-associated calcifications (Saini et al.) and of 
intratumoral calcifications in intracranial gliomas (Berberat et al. and Zulfiqar et al.)9–12,14,15,17,18,46. Pertaining to 
the body-axis, Bai and Dou et al. aimed to show the diagnostic performance of SW-MRI for the specific detection 
of prostatic calcifications and Yang et al. wished to demonstrate the usefulness of SW-MRI for the assessment of 
vessel wall calcifications in major peripheral arteries20,47,48. The common primary endpoint of all included studies 
was the detection of calcium-phosphate deposition in brain and body soft tissues.

The present meta-analysis has several limitations. First, the number of studies that met our inclusion criteria 
was relatively low, whereby the small study size is especially relevant with regard to MRI. Therefore, no subgroup 
analyses were performed, as the sample size was considered too small to obtain reliable results. Also, the included 
studies were heterogeneous, e.g. regarding the size of the study populations and the location and type of the cal-
cifications, whereby covariate analysis could only explain part of this heterogeneity. Furthermore, not all authors 
provided sufficient information about the study design and the assessment of the index text and/or the reference 
standard. Another aspect is, that possible bias could have resulted from the facts that inclusion criteria were not 
standardized and that the studies were conducted in different clinical settings. Although CT is considered the best 
imaging technique for the detection of calcifications, the additional use of histopathology to confirm the diagno-
sis would have been superior, but was only applied in two of the studies15,19. A further limitation is, that covering 
a large time period, this meta-analysis includes studies with different algorithms and post-processing techniques. 
While the SW-MRI image contrast is relatively consistent, the quality of SW-MRI images naturally depends on 
the robustness and accuracy of the post-processing on the phase image34. Therefore, the quality of the image data 
in the present meta-analysis may differ. Also, due to the variance in diagnostic performance and the relatively 
small number of data points, the extrapolation of the sROC curve is highly vulnerable to outliners, especially for 
standard MRI; and assumptions on significant differences between standard MRI and SW-MRI cannot be made 
solely based on the sROC curves. Furthermore, the SW-MRI phase image has the disadvantage of aliasing if the 
field is large enough so that the phase exceeds π radians, which makes it difficult to obtain the exact shape and 
extent of especially larger calcifications4. Finally, we did not include grey literature, but only published studies, 
which might cause a selection bias, as potentially unpublished data could have shown unexpected results, because 
of which it might not have been intended for publication or may not have met the journal’s criteria.

As SW-MRI does not enable quantitative measurements, new susceptibility-based techniques, such as QSM, 
are currently developed and implemented49. QSM has shown the potential for more accurate measurements of 
total volume and susceptibility and may thus be a solution for quantifying calcification or haemorrhage on MR 
images12. So far, there have only been a limited number of studies published on the diagnostic performance 
of QSM in the detection of calcifications, which suggested a convincing sensitivity and specificity12,50–52. In a 
comparison study of SW-MRI and QSM, Chen et al. showed, that QSM might achieve a higher sensitivity and 



www.nature.com/scientificreports/

7Scientific ReportS | 7: 15506  | DOI:10.1038/s41598-017-15860-1

specificity than SW-MRI (80.5% vs. 71% and 93.5% vs. 76.5%) in the detection of intracranial calcifications. 
Therefore, QSM may play a significant role in the future applications of SW-MRI and may enable a reliable dif-
ferentiation and detection of soft tissue calcium deposits in various clinical applications, with initial clinical evi-
dence affirming its effectiveness and its potential superiority to SW-MRI. However, more studies are warranted 
for confirmation.

In conclusion, this meta-analysis shows that SW-MRI is a reliable technique for the detection of calcifica-
tions with an accuracy close to CT. Studies that evaluated the performance of both standard MRI and SW-MRI 
suggested, that the diagnostic performance of SW-MRI was superior to standard MRI. However, further large, 
multi-centre and prospective studies are required in order to confirm these findings.

Materials and Methods
The present meta-analysis is in accordance with the guidelines provided by the PRISMA8 (see checklist). The 
protocol was registered with PROSPERO (International Prospective Register of Systematic Reviews; registra-
tion number CRD42017059736). Only studies using SW-MRI for the detection of calcifications with CT as 
the standard of reference were identified. The literature search was performed using Pubmed (MEDLINE), 
OvidSP (EMBASE) and Web of Science (ISI). The present meta-analysis is exempt from ethical approval of the 
Institutional Review Board, as the analysis only involves de-identified data and all the included prospective stud-
ies have received local ethics approval.

Search Strategy and study selection.  A comprehensive literature search was performed based on the 
following combination of MeSH terms and keywords for a PubMed database search: ((SWI[All Fields] AND 
(“magnetics”[MeSH Terms] OR “magnetics”[All Fields] OR “magnetic”[All Fields])) OR ((“disease susceptibil-
ity”[MeSH Terms] OR (“disease”[All Fields] AND “susceptibility”[All Fields]) OR “disease susceptibility”[All 
Fields] OR “susceptibility”[All Fields]) AND weighted[All Fields]) OR (“quantitative susceptibility”[All Fields] 
AND “calcification”[All Fields])) OR (“phase image”[All Fields] AND “calcification”[All Fields]). Corresponding 
keywords were used for OvidSP and Web of Science data search.

All published original study designs in English or German language, that used SW-MRI for the detection of 
calcifications, were considered eligible. The final search was conducted on March 24, 2017. After the removal of 
duplicates, the retrieved titles and abstracts were independently scanned by two investigators and, with regard to 
the inclusion and exclusion criteria, either discarded or retained for further evaluation. Full text versions of rele-
vant studies were extracted for further in depth evaluation. The reference lists of all included studies were checked 
manually in order to identify other relevant papers. In some studies, only a subset of the patients met the inclusion 
criteria and only these were included. Inclusion criteria were as follows:

(a)  Human patients with calcifications.
(b)  Use of unenhanced susceptibility-weighted MRI as the index test for the detection of calcifications.
(c)  Results of the index test being verified against the reference standard CT.
(d)  Data retrievable to calculate a 2 × 2 table (or sufficient data to calculate either sensitivity or specificity).
(e)  Reporting of >5 patients meeting the inclusion criteria.
Studies were excluded if they included overlapping samples. If the patient sample data was published in more 

than one publication, the latest study with the largest patient sample was selected and the duplicate study was 
removed.

Data extraction and quality assessment.  Data were independently extracted by two authors, by use of 
standardized data extraction sheets. The extracted data included information on: First author, journal and year of 
publication, the number of (included) patients, patient age (mean, standard deviation, range), false positives/neg-
atives and true positives/negatives for SW-MRI and MRI (if available), the number of patients excluded (because 
of study overlap, different index test, no or different reference standard), technical parameters of CT and MRI 
imaging, absolute attenuation threshold used to differentiate calcification from other tissues in CT. Studies with 
multiple readers and different numbers of true positives, true negatives, false positives and false negatives were 
averaged in order to obtain study-level data and, if necessary, rounded to the nearest whole number. All ensuing 
disagreements were resolved by consensus.

The QUADAS-2 tool was used. It comprises four domains, which are patient selection, index test, reference 
standard, and flow and timing53, which are assessed in terms of risk of bias and concerns regarding applicability. 
A time span of three months was considered an acceptable interval between MRI and CT imaging, given the slow 
progression of calcifications. The tool was applied to all studies by two independent investigators. Disagreements 
were resolved by consensus.

Statistics and data analysis.  Data was exported as comma separated values and further processed using 
‘R’ Statistical Software (Version 3.2.2, R Development Core Team, Vienna, Austria, 2016). Data from the 2 × 2 
tables was summarized in forest plots for each study. Forest plots of log diagnostic odds ratios were generated 
along with their 95% confidence intervals (CI). Since some of the 2 × 2 tables included zero cells, a continuity 
correction of 0.5 was done prior to regression analysis. The bivariate diagnostic random-effects model by Reitsma 
et al.54 was used to compare pooled estimates of sensitivity and specificity for the index tests (SW-MRI, standard 
MRI, if available). Pairs of sensitivity and specificity are analysed together, whereby any correlation that might 
exist between the two measures could be added to the bivariate model and result in separate effects on the sen-
sitivity and specificity54. The standard output of this bivariate model includes the pooled logit sensitivity and 
specificity values with 95% confidence intervals. The summary receiver operating characteristic (sROC) curve 
was constructed and areas under the curve (AUC), which were calculated by use of bivariate models, showed 
the diagnostic performance of SW-MRI and standard MRI for the detection of calcifications. To assess whether 
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significant heterogeneity, in the form of variance between the study estimates of sensitivity and specificity, was 
present, a chi-squared test (χ2) was performed. A covariate analysis was employed to further investigate sources 
of heterogeneity. To investigate publication bias, a regression test of asymmetry was performed55. A p-value of less 
than 0.05 was considered statistically significant. Meta-analytical data evaluation and creation of the graphs was 
performed using the freely available package ‘mada’ (version 0.5.7)56.

Data availability.  The datasets generated or analyzed in the course of the present meta-analysis can be 
requested from the corresponding author. All relevant data are within the paper and its Supporting Information files.

References
	 1.	 Bai, Y. et al. Susceptibility Weighted Imaging: A New Tool in the Diagnosis of Prostate Cancer and Detection of Prostatic 

Calcification. PLoS ONE 8(1) (no pagination) (2013).
	 2.	 Zulfiqar, M., Dumrongpisutikul, N., Intrapiromkul, J. & Yousem, D. M. Detection of intratumoral calcification in oligodendrogliomas 

by susceptibility-weighted MR imaging. American Journal of Neuroradiology 33, 858–864 (2012).
	 3.	 Odink, A. E. et al. Association between calcification in the coronary arteries, aortic arch and carotid arteries: the Rotterdam study. 

Atherosclerosis 193, 408–413 (2007).
	 4.	 Wu, Z. et al. Identification of calcification with MRI using susceptibility-weighted imaging: A case study. Journal of Magnetic 

Resonance Imaging 29, 177–182 (2009).
	 5.	 Mittal, S., Wu, Z., Neelavalli, J. & Haacke, E. M. Susceptibility-weighted imaging: Technical aspects and clinical applications, part 2. 

American Journal of Neuroradiology 30, 232–252 (2009).
	 6.	 Haacke, E. M., Mittal, S., Wu, Z., Neelavalli, J. & Cheng, Y. C. Susceptibility-weighted imaging: technical aspects and clinical 

applications, part 1. AJNR Am J Neuroradiol 30, 19–30 (2009).
	 7.	 Gasparotti, R., Pinelli, L. & Liserre, R. New MR sequences in daily practice: susceptibility weighted imaging. A pictorial essay. 

Insights Imaging 2, 335–347 (2011).
	 8.	 Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G. & Group, P. Preferred reporting items for systematic reviews and meta-analyses: 

the PRISMA statement. Ann Intern Med 151(264–269), W264 (2009).
	 9.	 Adams, L. C. et al. Diagnostic accuracy of susceptibility-weighted magnetic resonance imaging for the evaluation of pineal gland 

calcification. PLoS One 12, e0172764 (2017).
	10.	 Barbosa, J. H., Santos, A. C. & Salmon, C. E. Susceptibility weighted imaging: differentiating between calcification and hemosiderin. 

Radiol Bras 48, 93–100 (2015).
	11.	 Berberat, J. et al. Differentiation between calcification and hemorrhage in brain tumors using susceptibility-weighted imaging: a 

pilot study. AJR Am J Roentgenol 202, 847–850 (2014).
	12.	 Chen, W. et al. Intracranial calcifications and hemorrhages: characterization with quantitative susceptibility mapping. Radiology 

270, 496–505 (2014).
	13.	 Dou, S. et al. Detecting prostate cancer and prostatic calcifications using advanced magnetic resonance imaging. Asian J Androl 

(2016).
	14.	 Gronemeyer, S. A., Langston, J. W., Hanna, S. L. & Langston, J. W. Jr. MR imaging detection of calcified intracranial lesions and 

differentiation from iron-laden lesions. J Magn Reson Imaging 2, 271–276 (1992).
	15.	 Saini, J. et al. Susceptibility weighted imaging in the diagnostic evaluation of patients with intractable epilepsy. Epilepsia 50, 

1462–1473 (2009).
	16.	 Yang, Q. et al. Imaging the Vessel Wall in Major Peripheral Arteries Using Susceptibility-Weighted Imaging. Journal of Magnetic 

Resonance Imaging 30, 357–365 (2009).
	17.	 Zhu, W. Z. et al. Magnetic resonance susceptibility weighted imaging in detecting intracranial calcification and hemorrhage. Chin 

Med J (Engl) 121, 2021–2025 (2008).
	18.	 Yamada, N., Imakita, S., Sakuma, T. & Takamiya, M. Intracranial calcification on gradient-echo phase image: depiction of 

diamagnetic susceptibility. Radiology 198, 171–178 (1996).
	19.	 Berberat, J. et al. Differentiation between calcification and hemorrhage in brain tumors using susceptibility-weighted imaging: A 

pilot study. American Journal of Roentgenology 202, 847–850 (2014).
	20.	 Yang, Q. et al. Imaging the vessel wall in major peripheral arteries using susceptibility-weighted imaging. J Magn Reson Imaging 30, 

357–365 (2009).
	21.	 Dou, S. et al. Detecting prostate cancer and prostatic calcifications using advanced magnetic resonance imaging. Asian Journal of 

Andrology 18 (2016).
	22.	 Zhu, W. Z. et al. Magnetic resonance susceptibility weighted imaging in detecting intracranial calcification and hemorrhage. Chinese 

Medical Journal 121, 2021–2025 (2008).
	23.	 Terrin, N., Schmid, C. H. & Lau, J. In an empirical evaluation of the funnel plot, researchers could not visually identify publication 

bias. J Clin Epidemiol 58, 894–901 (2005).
	24.	 Haddar, D. et al. [Susceptibility weighted imaging. Theory and applications]. J Radiol 85, 1901–1908 (2004).
	25.	 Hingwala, D., Kesavadas, C., Thomas, B. & Kapilamoorthy, T. R. Clinical utility of susceptibility-weighted imaging in vascular 

diseases of the brain. Neurology India 58, 602–607 (2010).
	26.	 Tsui, Y. K., Tsai, F. Y., Hasso, A. N., Greensite, F. & Nguyen, B. V. Susceptibility-weighted imaging for differential diagnosis of cerebral 

vascular pathology: A pictorial review. Journal of the Neurological Sciences 287, 7–16 (2009).
	27.	 Haacke, E. M. Susceptibility weighted imaging (SWI). Zeitschrift fur Medizinische Physik 16, 237 (2006).
	28.	 Haacke, E. M., Mittal, S., Wu, Z., Neelavalli, J. & Cheng, Y. C. N. Susceptibility-weighted imaging: Technical aspects and clinical 

applications, part 1. American Journal of Neuroradiology 30, 19–30 (2009).
	29.	 Tong, K. A. et al. Susceptibility-weighted MR imaging: A review of clinical applications in children. American Journal of 

Neuroradiology 29, 9–17 (2008).
	30.	 Thomas, B. et al. Clinical applications of susceptibility weighted MR imaging of the brain - A pictorial review. Neuroradiology 50, 

105–116 (2008).
	31.	 Sehgal, V. et al. Clinical applications of neuroimaging with susceptibility-weighted imaging. J Magn Reson Imaging 22, 439–450 

(2005).
	32.	 Liu, S. et al. Susceptibility-weighted imaging: current status and future directions. NMR Biomed (2016).
	33.	 Costello, J. E., Cecava, N. D., Tucker, J. E. & Bau, J. L. CT radiation dose: current controversies and dose reduction strategies. AJR Am 

J Roentgenol 201, 1283–1290 (2013).
	34.	 Li, N., Wang, W. T., Sati, P., Pham, D. L. & Butman, J. A. Quantitative assessment of susceptibility-weighted imaging processing 

methods. J Magn Reson Imaging 40, 1463–1473 (2014).
	35.	 Haacke, E. M. et al. Characterizing iron deposition in multiple sclerosis lesions using susceptibility weighted imaging. J Magn Reson 

Imaging 29, 537–544 (2009).
	36.	 Barnes, S. R. & Haacke, E. M. Susceptibility-weighted imaging: clinical angiographic applications. Magn Reson Imaging Clin N Am 

17, 47–61 (2009).



www.nature.com/scientificreports/

9Scientific ReportS | 7: 15506  | DOI:10.1038/s41598-017-15860-1

	37.	 Moore, D. F., Ye, F., Schiffmann, R. & Butman, J. A. Increased signal intensity in the pulvinar on T1-weighted images: A 
pathognomonic MR imaging sign of Fabry disease. American Journal of Neuroradiology 24, 1096–1101 (2003).

	38.	 Buch, S. et al. Determination of detection sensitivity for cerebral microbleeds using susceptibility-weighted imaging. NMR Biomed 
(2016).

	39.	 Adams, L. C. et al. Assessment of intracranial meningioma-associated calcifications using susceptibility-weighted MRI. J Magn 
Reson Imaging (2017).

	40.	 Verma, R. K. et al. Detecting subarachnoid hemorrhage: Comparison of combined FLAIR/SWI versus CT. European Journal of 
Radiology 82, 1539–1545 (2013).

	41.	 Norenberg, D. et al. Diagnosis of Calcific Tendonitis of the Rotator Cuff by Using Susceptibility-weighted MR Imaging. Radiology 
278, 475–484 (2016).

	42.	 Norenberg, D. et al. Diagnostic performance of susceptibility-weighted magnetic resonance imaging for the assessment of sub-
coracoacromial spurs causing subacromial impingement syndrome. Eur Radiol 27, 1286–1294 (2017).

	43.	 Margain, D., Peretti-Viton, P., Perez-Castillo, A. M., Martini, P. & Salamon, G. Oligodendrogliomas. J Neuroradiol 18, 153–160 
(1991).

	44.	 Liu, S. et al. Susceptibility-weighted imaging: Current status and future directions. NMR in Biomedicine (2016).
	45.	 Kim, W. B., Doo, S. W., Yang, W. J. & Song, Y. S. Influence of prostatic calculi on lower urinary tract symptoms in middle-aged men. 

Urology 78, 447–449 (2011).
	46.	 Zulfiqar, M., Dumrongpisutikul, N., Intrapiromkul, J. & Yousem, D. M. Detection of intratumoral calcification in oligodendrogliomas 

by susceptibility-weighted MR imaging. AJNR Am J Neuroradiol 33, 858–864 (2012).
	47.	 Bai, Y. et al. Susceptibility weighted imaging: a new tool in the diagnosis of prostate cancer and detection of prostatic calcification. 

PLoS One 8, e53237 (2013).
	48.	 Dou, S. et al. Detecting prostate cancer and prostatic calcifications using advanced magnetic resonance imaging. Asian J Androl 19, 

439–443 (2017).
	49.	 Reichenbach, J. R., Schweser, F., Serres, B. & Deistung, A. Quantitative Susceptibility Mapping: Concepts and Applications. Clin 

Neuroradiol 25(Suppl 2), 225–230 (2015).
	50.	 Deistung, A., Schweser, F. & Reichenbach, J. R. Overview of quantitative susceptibility mapping. NMR Biomed 30 (2017).
	51.	 Straub, S. et al. Potential of quantitative susceptibility mapping for detection of prostatic calcifications. J Magn Reson Imaging 45, 

889–898 (2017).
	52.	 Ciraci, S. et al. Diagnosis of intracranial calcification and hemorrhage in pediatric patients: Comparison of quantitative susceptibility 

mapping and phase images of susceptibility-weighted imaging. Diagn Interv Imaging 98, 707–714 (2017).
	53.	 Whiting, P., Rutjes, A. W., Reitsma, J. B., Bossuyt, P. M. & Kleijnen, J. The development of QUADAS: a tool for the quality assessment 

of studies of diagnostic accuracy included in systematic reviews. BMC Med Res Methodol 3, 25 (2003).
	54.	 Reitsma, J. B. et al. Bivariate analysis of sensitivity and specificity produces informative summary measures in diagnostic reviews. J 

Clin Epidemiol 58, 982–990 (2005).
	55.	 Deeks, J. J., Macaskill, P. & Irwig, L. The performance of tests of publication bias and other sample size effects in systematic reviews 

of diagnostic test accuracy was assessed. J Clin Epidemiol 58, 882–893 (2005).
	56.	 Doebler, P. Meta-analysis of diagnostic accuracy. R package version 0.5.7 (2015).

Author Contributions
Conceived and designed the study: L.C.A. and M.R.M.; Screened the studies and extracted the data: L.C.A. and 
K.B.; Analyzed the data: L.C.A., K.B., M.R.M.; Drafting of the manuscript: M.R.M. and L.C.A.; Commented on 
the manuscript, Suggested revisions of important intellectual content and approved the final version: S.M.B., 
Y.Y.B., D.N., B.H., K.B., L.C.A. and M.R.M.; Administrative and technical support: M.R.M.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15860-1.
Competing Interests: LCA is participant in the BIH Charité - Junior Clinician Scientist Program funded by the 
Charité - Universitaetsmedizin Berlin and the Berlin Institute of Health. BH has received research grants for 
the Department of Radiology, Charité – Universitätsmedizin Berlin from the following companies: 1. Abbott, 
2. Actelion Pharmaceuticals, 3. Bayer Schering Pharma, 4. Bayer Vital, 5. BRACCO Group, 6. Bristol-Myers 
Squibb, 7. Charite research organisation GmbH, 8. Deutsche Krebshilfe, 9. Dt. Stiftung für Herzforschung, 
10. Essex Pharma, 11. EU Programmes, 12. Fibrex Medical Inc., 13. Focused Ultrasound Surgery Foundation, 
14. Fraunhofer Gesellschaft, 15. Guerbet, 16. INC Research, 17. lnSightec Ud., 18. IPSEN Pharma, 19. Kendlel 
MorphoSys AG, 20. Lilly GmbH, 21. Lundbeck GmbH, 22. MeVis Medical Solutions AG, 23. Nexus Oncology, 
24. Novartis, 25. Parexel Clinical Research Organisation Service, 26. Perceptive, 27. Pfizer GmbH, 28. Philipps, 
29. Sanofis-Aventis S.A, 30. Siemens, 31. Spectranetics GmbH, 32. Terumo Medical Corporation, 33. TNS 
Healthcare GMbH, 34. Toshiba, 35. UCB Pharma, 36. Wyeth Pharma, 37. Zukunftsfond Berlin (TSB), 38. 
Amgen, 39. AO Foundation, 40. BARD, 41. BBraun, 42. Boehring Ingelheimer, 43. Brainsgate, 44. PPD (Clinical 
Research Organisation), 45. CELLACT Pharma, 46. Celgene, 47. CeloNova BioSciences, 48. Covance, 49. DC 
Deviees, Ine. USA, 50. Ganymed, 51. Gilead Sciences, 52. Glaxo Smith Kline, 53. ICON (Clinical Research 
Organisation), 54. Jansen, 55. LUX Bioseienees, 56. MedPass, 57. Merek, 58. Mologen, 59. Nuvisan, 60. 
Pluristem, 61. Quintiles, 62. Roehe, 63. Sehumaeher GmbH (Sponsoring eines Workshops), 64. Seattle Geneties, 
65. Symphogen, 66. TauRx Therapeuties Ud., 67. Accovion, 68. AIO: Arbeitsgemeinschaft Internistische 
Onkologie, 69. ASR Advanced sleep research, 70. Astellas, 71. Theradex, 72. Galena Biopharma, 73. Chiltern, 74. 
PRAint, 75. lnspiremd, 76. Medronic, 77. Respicardia, 78. Silena Therapeutics, 79. Spectrum Pharmaceuticals, 
80. St. Jude., 81. TEVA, 82. Theorem, 83. Abbvie, 84. Aesculap, 85. Biotronik, 86. Inventivhealth, 87. ISA 
Therapeutics, 88. LYSARC, 89. MSD, 90. novocure, 91. Ockham oncology, 92. Premier-research, 93. Psi-cro, 94. 
Tetec-ag, 94. Tetec-ag, 95. Winicker-norimed, 96. Achaogen Inc, 97. ADIR, 98. AstraZenaca AB, 99. Demira 
Inc, 100.Euroscreen S.A., 101. Galmed Research and Development Ltd., 102. GETNE, 103. Guidant Europe 
NV, 104. Holaira Inc., 105. Immunomedics Inc., 106. Innate Pharma, 107. Isis Pharmaceuticals Inc, 108. Kantar 
Health GmbH, 109. MedImmune Inc, 110. Medpace Germany GmbH (CRO), 111. Merrimack Pharmaceuticals 
Inc, 112. Millenium Pharmaceuticals Inc, 113. Orion Corporation Orion Pharma, 114. Pharmacyclics Inc, 115. 
PIQUR Therapeutics Ltd, 116. Pulmonx International Sárl, 117. Servier (CRO), 118. SGS Life Science Services 
(CRO), 119. Treshold Pharmaceuticals Inc. MRM has received grants from the Deutsche Forschungsgesellschaft 

http://dx.doi.org/10.1038/s41598-017-15860-1


www.nature.com/scientificreports/

1 0Scientific ReportS | 7: 15506  | DOI:10.1038/s41598-017-15860-1

(DFG) (MA 5943/31/41/91) and GIF (German Israel Research Foundation). The remaining authors have no 
conflicts of interest and did not receive any funds. There are no patents, products in development or marketed 
products to declare. The funders had no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Diagnostic performance of susceptibility-weighted magnetic resonance imaging for the detection of calcifications: A systema ...
	Results

	Patient and study characteristics. 
	Quality assessment. 
	Assessment of calcifications. 
	Heterogeneity and publication bias. 

	Discussion

	Materials and Methods

	Search Strategy and study selection. 
	Data extraction and quality assessment. 
	Statistics and data analysis. 
	Data availability. 

	Figure 1 Study selection flowchart.
	Figure 2 QUADAS-2 assessment of study quality.
	Figure 3 Forest plots showing the log diagnostic odds ratios (black squares) for susceptibility weighted imaging and standard magnetic resonance imaging (MRI) (where available) of each study with 95% confidence intervals (horizontal lines).
	Figure 4 Summary ROC curves of overall diagnostic accuracy for susceptibility weighted magnetic resonance imaging (SW-MRI) and magnetic resonance imaging (MRI) (A), for the overall diagnostic accuracy of SW-MRI (B) and the overall diagnostic accuracy of M
	Table 1 Study Characteristics of the Included Studies.
	Table 2 Overview of the True Positives, True Negatives, False Positives and False Negatives for SW-MRI and MRI.




