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Abstract

Quantitative susceptibility mapping (QSM) is an MRI-based, computational method for 

anatomically localizing and measuring concentrations of specific biomarkers in tissue such as iron. 

Growing research suggests QSM is a viable method for evaluating the impact of iron overload 

in neurological disorders and on cognitive performance in aging. Several software toolboxes 

are currently available to reconstruct QSM maps from 3D GRE MR Images. However, few if 

any software packages currently exist that offer fully automated pipelines for QSM-based data 

analyses: from DICOM images to region-of-interest (ROI) based QSM values. Even less QSM-

based software exist that offer quality control measures for evaluating the QSM output. Here, 

we address these gaps in the field by introducing and demonstrating the reliability and external 

validity of Ironsmith; an open-source, fully automated pipeline for creating and processing QSM 

maps, extracting QSM values from subcortical and cortical brain regions (89 ROIs) and evaluating 

the quality of QSM data using SNR measures and assessment of outlier regions on phase images. 

Ironsmith also features automatic filtering of QSM outlier values and precise CSF-only QSM 

reference masks that minimize partial volume effects. Testing of Ironsmith revealed excellent 

intra- and inter-rater reliability. Finally, external validity of Ironsmith was demonstrated via 

an anatomically selective relationship between motor performance and Ironsmith-derived QSM 

values in motor cortex. In sum, Ironsmith provides a freely-available, reliable, turn-key pipeline 
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for QSM-based data analyses to support research on the impact of brain iron in aging and 

neurodegenerative disease.
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1. Introduction

Quantitative susceptibility mapping (QSM) is a computational method for reconstructing 

maps of local tissue magnetic susceptibility from MRI-based gradient-recalled echo (GRE) 

magnitude and phase images. QSM capitalizes on the property of certain substances to 

locally alter magnetic susceptibility in tissue; that is, the degree to which tissue can be 

magnetized in an external magnetic field. For example, paramagnetic iron increases the 

magnetic susceptibility of gray matter (GM) in a roughly linear manner to its concentration 

(Hametner et al., 2018; Langkammer et al., 2012; Sun et al., 2015). In contrast, diamagnetic 

calcifications reduce the magnetic susceptibility of GM. As such, the strength and polarity 

(increase or decrease relative to a reference structure) of local tissue magnetic susceptibility 

can be used to measure local concentrations of specific biomarkers in tissue. For instance, 

positive magnetic susceptibility relative to cerebrospinal fluid (CSF) is highly correlated 

with ex vivo determined brain iron concentrations in subcortical structures (Langkammer et 

al., 2012; Sun et al., 2015) and in cortical regions (Hametner et al., 2018; T. J. Liu et al., 

2012).

The ability of QSM to quantify local, in vivo iron concentration in tissue makes it an 

invaluable tool in the study of iron overload in aging and neurodegenerative disease. 

Aging is associated with accumulation of non-heme brain iron, which has been linked with 

oxidative stress, neurodegeneration and cognitive decline (Lauffer, 1992; Wayne Martin 

et al., 1998; Zecca et al., 2004). Growing research suggests that QSM is a powerful 

neuroimaging method to identify relationships between aging, increases in brain iron 

concentration and cognitive health (Bandt et al., 2019; Betts et al., 2016; Darki et al., 2016; 

Sun et al., 2017; Wang et al., 2017; Zachariou et al., 2020). In addition, QSM is being used 

to study accumulation of non-heme iron concentrations in neurodegenerative diseases, such 

as Parkinson’s (He et al., 2015; Mazzucchi et al., 2019; Thomas et al., 2020), Huntington’s 

(Chen et al., 2019) and Alzheimer’s disease (Acosta-Cabronero et al., 2013; Fan et al., 2020; 

Ward et al., 2014).

As a result, the previous decade has seen the development of a number of software toolboxes 

for reconstructing QSM maps from 3D GRE magnitude and phase images (e.g. see 

list at https://github.com/mathieuboudreau/qsm-tools). The first publicly available software 

package for QSM reconstruction was MEDI Toolbox (De Rochefort et al., 2010; J. Liu et 

al., 2012; Liu et al., 2011a, 2011b) which uses a Morphology Enabled Dipole Inversion 

approach (MEDI) for dipole deconvolution. The MEDI Toolbox remains the predominant 

method for reconstructing QSM maps in the literature, although other software toolboxes 

are now publicly available, including COSMOS (Liu et al., 2009), FANSI toolbox (Bilgic 
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et al., 2015; Milovic et al., 2018), QSM Toolbox (Kames et al., 2018), QSMxT (Stewart et 

al., 2021), SEPIA (Chan and Marques, 2021) and STI suite (Liu et al., 2015). In addition, 

automated, hardware-based QSM reconstruction solutions are also becoming available. One 

example is a server-based QSM reconstruction solution developed by the MEDI Toolbox 

group (Spincemaille et al., 2019) which can automatically reconstruct QSM maps from 

raw GRE DICOM data as it is collected from an MRI scanner. These are typically not 

open-source and require custom configured computers/servers to be directly connected to an 

MRI scanner.

While extremely valuable, the currently available QSM tools do not provide users with 

automated, standardized pipelines for QSM analyses. Instead, available tools (specifically 

software toolboxes) are semi-automated and depend on scripts, written (e.g., MEDI Toolbox, 

FANSI toolbox, QSMxT) or customized by users (e.g., SEPIA; GUI-based), to reconstruct 

QSM maps from GRE MRI images. In addition, pre-processing of data (e.g., specific 

naming of input files), applying the toolboxes to groups of participants, filtering of outlier 

QSM voxels and quality control procedures, such as evaluating the impact of head motion 

and phase-image artifacts on QSM maps are generally not included.

Further, for most QSM-based studies, reconstructing QSM maps is only the first step in 

the analyses process. Following reconstruction, QSM values need to be extracted from 

anatomical regions of interest (ROIs) and the quality of extracted QSM values needs to 

be assessed. To our knowledge, few QSM toolboxes are currently available for extracting 

QSM-based brain iron concentrations from anatomical ROIs. Two examples we are aware 

of are the Johns Hopkins University (JHU) multi-atlas tool (Li et al., 2019) and the QSMxT 

toolbox (Stewart et al., 2021). Both are valuable, however, neither are fully automated.

The JHU multi-atlas tool is limited to ten subcortical structures and is not fully automated. 

Further, the JHU multi-atlas tool requires a-priori reconstructed QSM maps and skull-

stripped T1 anatomical images as inputs, which must be co-registered. The QSM map inputs 

must also be scaled so values vary within a predefined range (−0.5 to 0.5 ppm). Finally, the 

JHU multi-atlas tool is not open source, which prevents users from modifying the toolkit to 

add more automation and/or functionality (e.g., support for additional anatomical ROIs).

The QSMxT toolkit can extract QSM-based susceptibility values from anatomical ROIs 

(although a list of supported/tested ROIs is not available on the QSMxT website). Similar 

to the JHU multi-atlas tool, QSMxT is not fully automated and requires some scripting for 

batch processing of participants. In addition, partial volume effects related to the segmented 

ROIs have not been ascertained, quality control measures are generally not included in 

the QSMxT toolkit and external validity has not been established. However, QSMxT is 

open-source and is regularly updated. As such, new features and quality control procedures 

can be added in the future.

In short, few if any software packages currently exist that offer fully automated pipelines for 

QSM-based data analyses, from raw DICOM images to output of ROI-based QSM values. 

Even less QSM-based software exist that offer quality control measures and/or procedures 

for evaluating the QSM outputs. These shortcomings can act as a barrier to research labs 

Zachariou et al. Page 3

Neuroimage. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



who wish to conduct QSM-based studies but do not have the required programming skills to 

do so. In addition, reliable, valid, fully automated pipelines for QSM analyses are needed to 

promote direct comparison of results across studies, which should aid scientific replication.

Here, we address these issues by introducing Ironsmith: a comprehensive, open-source, 

fully automated pipeline for creating and processing QSM maps and extracting QSM-based 

iron concentrations from subcortical and cortical brain regions (89 ROIs; Appendix A). 

Ironsmith offers the following unique features in a single pipeline/package. 1) Iron-smith 

is completely automated. That is, the pipeline does not simply run a series of scripts in a 

sequence. Instead, every user input is verified for correctness, outputs are evaluated against 

a list of expected outcomes and even in the event of a failure or software crash, Ironsmith 

can recover (see section 2.1. Functionality for details). Additionally, Ironsmith can monitor 

and optimize multiple versions of itself running in parallel which significantly reduces 

processing time. Importantly, during parallel processing, Ironsmith uses a single input file 

and provides a single set of output files, irrespective of how many instances of ironsmith are 

running in parallel. Further, Ironsmith can differentiate if the participants provided as inputs 

have been analyzed previously or not. As such, a user can simply update a single input file 
with new/added participants and Ironsmith will update all existing output files with the new/

added results only. 2) Ironsmith provides a number of quality control measures and analytic 

solutions to issues commonly encountered during QSM analyses. Specifically, Ironsmith 

can automatically identify artifacts on phase images, provides per-ROI SNR measures, can 

filter out per-ROI outlier QSM values (such as values associated with large veins) and offers 

a precise, CSF-only reference region for QSM reconstruction to minimize partial volume 

effects. Lastly 3), Ironsmith provides comprehensive feedback and intelligible error/warning 

messages. When an error or warning occurs, Ironsmith does not display cryptic messages 

but instead provides detailed reports of what might have gone wrong and how a user can fix 

the error/warning.

Ironsmith is designed to process single or groups of participants autonomously with minimal 

user input and/or supervision, does not depend on user scripts to run analyses and requires 

little technical/programming knowledge to setup and use. Further, Ironsmith does not rely 

on custom, in-house algorithms for processing QSM data. Instead, the pipeline uses reliable, 

third-party software and toolboxes such as MEDI Toolbox (the predominant method for 

reconstructing QSM maps in the literature; De Rochefort et al., 2010; J. Liu et al., 2012; Liu 

et al., 2011a, 2011b), to analyze QSM data (complete list of third party software used by 

Ironsmith can be found in section 2.2. Software requirements and dependencies).

Following the introduction and architecture walkthrough of Iron-smith, we benchmark the 

pipeline using data from 35, healthy older adults (20 of these used for inter- and intra-rater 

reliability analyses; see Methods section). Specifically, we (1) test both the intra-rater and 

inter-rater reliability of Ironsmith-derived QSM values; (2) determine if Ironsmith-derived 

SNR values are sensitive to sources of noise such as head motion; (3) demonstrate the utility 

of several Ironsmith features, including identification of outlier regions on phase images, 

filtering of outlier QSM values and use of a CSF-only, lateral ventricles based reference 

mask for QSM reconstruction, shown to reduce partial volume effects; and (4) evaluate the 

Zachariou et al. Page 4

Neuroimage. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



external validity of Ironsmith by demonstrating expected associations between QSM values 

extracted from primary motor cortex and motor performance.

2. Materials and methods

2.1. Functionality

Ironsmith is a fully automated QSM processing pipeline for creating QSM maps and 

extracting QSM-based iron concentrations from anatomical ROIs, including both subcortical 

and cortical brain regions (89 GM ROIs included with version 1.2; See Appendix A). 

Ironsmith is open source, under the GNU general public license (version 3), and was 

developed entirely using Bash script. The latest version of Ironsmith can be downloaded 

from Github, together with full documentation and installation instructions. Ironsmith can 

perform the following tasks:

1. Automate the process of creating QSM maps from GRE DICOM images using 

MEDI Toolbox (De Rochefort et al., 2010; J. Liu et al., 2012; Liu et al., 2011a, 

2011b).

2. Register MPR or multi-echo MPR (MEMPR) T1 images to QSM maps and then 

segment these into 89 ROIs (Appendix A), using Freesurfer (Dale et al., 1999; 

Desikan et al., 2006).

3. Extract QSM-based iron concentrations from 89 ROIs, filter outlier voxels from 

ROIs (default: larger than the 97th percentile of QSM values), and output the 

results into comma separated variable (CSV) tables.

4. Calculate SNR (GRE magnitude image based) for each ROI as a measure of 

quality control for QSM data and output SNR values in CSV tables.

5. Identify outlier regions on phase images using a median absolute deviation 

(MAD) based outlier detection process. Calculate the percent overlap between 

phase-image outlier regions and each of the 89 supported ROIs. Output the 

results into CSV tables.

6. Non-linearly warp QSM maps and aligned MPR/MEMPR to MNI152 1mm 

space. This step allows users to (1) extract QSM values from standard space 

ROIs not included with Ironsmith and (2) conduct voxelwise analyses (these 

options are not used/described in the present manuscript, which focuses on 

extraction of QSM values from native participant space).

7. Process single or multiple participants in parallel (multiple instances and nohup 

supported).

2.2. Software requirements and dependencies

Ironsmith requires a Linux distribution with Singularity version 3.5 or higher installed 

(https://sylabs.io/guides/3.5/admin-guide/installation.html) and Bash Unix shell version 

4.2.46(2) or later (GNU coreutils). Ironsmith was tested under native Red Hat Enterprise 

Linux Workspace release 7.8, Ubuntu 16.04 and on Windows Subsystem for Linux V2 

(WSL2), running Ubuntu 18.04. Singularity versions 3.5.2 and 3.5.3 were used for testing. 
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Additionally, Ironsmith requires Matlab (supported versions R2017b to R2019b) and MEDI 

Toolbox version 01/15/2020 (De Rochefort et al., 2010; J. J. Liu et al., 2012; Liu et al., 

2011a, 2011b) if QSM maps need to be reconstructed by Ironsmith from GRE magnitude/

phase DICOM images.

In addition to the software requirements described in the previous paragraph, Ironsmith 

has the following third-party software dependencies: AFNI (Cox, 1996), dcm2niix (Li 

et al., 2016), Freesurfer (Dale et al., 1999; Desikan et al., 2006) and FSL (Jenkinson 

et al., 2012). These software packages are all open source and are provided together 

with Iron-smith in the form of a singularity image and do not need to be separately 

installed. The singularity image used with Ironsmith was created using Neurodocker. All 

provided third-party software are subject to their own licenses which are in full effect when 

using Ironsmith. Please consult the individual licenses of third party software for specific 

requirements. The singularity image will be updated with future versions of Ironsmith to 

include up-to-date versions of third-party software as needed.

2.3. Architecture

The architecture of Ironsmith is illustrated in Fig. 1. The pipeline is controlled by a master 

program which oversees nine specialized analyses scripts. The procedure of each of these 

scripts is described in detail in the sections below. All scripts can output files to disk and 

provide feedback (including error messages) both on screen and in log files, however only 

the master program can skip a participant or terminate the pipeline due to errors.

2.3.1. Ironsmith input—User input is provided during execution of the Ironsmith 

master program by running the following shell command: “Ironsmith [MyInput-File.csv] 

[path to output folder]”. That is, a user needs to provide (1) a CSV formatted text 

file containing information and MRI file locations for each participant that needs to be 

processed, and (2) the absolute path to an output directory. The input, a CSV formatted 

text file, is referred to as “MyInputFile.csv” here for clarity, however, this file can have 

any name. Additionally, MyInputFile.csv can be created in any text editor or spreadsheet 

program as long as it is saved as a CSV file and Ironsmith will adjust the file accordingly 

to comply with Unix line endings. Lastly, the specified output directory will be created, if 

not present, by Iron-smith and does not need to be created beforehand. The exact format of 

MyInputFile.csv is described in detail in the full documentation of Ironsmith together with 

examples, as well as in supplementary material section 2.3.1. (S) Ironsmith input.

Recommended parameters for acquiring 3D multi-echo GRE sequences for QSM 

reconstruction can be found on the MEDI Toolbox website. In addition to the MEDI 

recommended parameters, we strongly advise the use of Prescan Normalize - Adaptive 

Combine (PS-AC), as the coil combine method for GRE sequences collected on Siemens 

scanners (software version MR VE11A, or newer), as used in the present study. PS-AC 

can address coil combination issues (see https://cds.ismrm.org/protected/18MProceedings/

PDFfiles/4992.html) that can lead to phase artifacts (Bernstein et al., 1994). For Philips MRI 

scanners, we recommend acquiring GRE images using the SENSE parallel imaging method 

(KP et al., 1999) which is equivalent to ASPIRE (Eckstein et al., 2018) and can correctly 
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combine phase images from different channels (personal communication, Dr. Xu Li and 

Hanzhang Lu, Johns Hopkins University). For GE MRI scanners the ASSET (GE version of 

SENSE) parallel imaging method can be used to acquire GRE images for QSM. For Philips 

and GE MRI scanners, any software version that supports SENSE/ASSET respectively, 

should correctly combine phase images from different coils. Ironsmith can detect a number 

of coil combination related artifacts on phase images and will issue warnings (see section 

2.3.10. 06_QSM_SNR). However, we further advise users to visually inspect at least a 

few of the reconstructed QSM maps for potential artifacts. Alternatively, if correct coil 

combination cannot be achieved with the default scanner software, then uncombined, raw 

scanner data can be collected instead and reconstructed using software toolboxes such as 

ASPIRE (Eckstein et al., 2018; https://github.com/korbinian90/ASPIRE).

2.3.2. Ironsmith master program—Upon execution, the master program first checks 

the command syntax for errors. If errors are found, the user is prompted to make adjustments 

and to rerun the Ironsmith command. If the correct syntax is provided, the master program 

checks whether the software required to process the data is installed and working (e.g., 

Singularity, Matlab, MEDI Toolbox). Following the software check, all input provided 

with the shell command is validated. This involves checking whether MyInputFile.csv is 

formatted correctly, all files and/or directories specified in MyInputFile.csv exist and if 

files are in the correct MRI modality and/or file type. For instance, if files are indeed in 

DICOM and/or NIFTI format and/or if the GRE magnitude and phase images provided 

consist of a sufficient number of volumes/echoes (i.e. a minimum of two) appropriate for 

QSM reconstruction.

If DICOM files are provided as inputs, Ironsmith will additionally search the DICOM 

headers for any text (standalone or part of a string) matching the nominal participant label 

specified in MyInputFile.csv and issue a warning if the label is not found. This participant 

label check can help verify whether the DICOM files specified in MyInputFile.csv match the 

participant to be processed. Lastly, the master program ascertains if a participant specified in 

MyInputFile.csv has already been processed or has partial data in the output folder. Both of 

these conditions will issue a warning message on screen and a participant will be skipped. 

If validation is successful, a directory is created under the output folder, corresponding to 

the nominal text label in MyInputFile.csv of the participant currently being processed. The 

master program then sequentially executes the scripts described in the sections below in 

order to process the data. All scripts executed by the master Ironsmith program maintain 

their own log files which are saved in each participant’s folder within the output directory. 

Additionally, all feedback provided by Ironsmith, including error/warning messages are 

logged in dated, log files within the Ironsmith installation directory (under the LogFiles 

sub-folder). Log files within this folder that are 30 days or older are automatically deleted by 

Ironsmith to save disk space.

Multiple instances of Ironsmith can be executed in parallel and multiple instances can 

work on the same MyInputFile.csv and output folder. Under this condition, each instance 

of Ironsmith will process a different subset of participants from MyInputFile.csv until all 

participants are processed. Only one set of output files will be created under the output 

folder and all instances of Ironsmith will work on the same output files. Irrespective of 
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which Ironsmith instance finishes which participants first, the order of participants in output 

files will be the same as that provided in MyInputFile.csv.

2.3.3. MEDI—This script is optional and is only called by the master program if 

QSM maps need to be reconstructed for a participant (i.e. if “MEDI_Yes” is indicated 

in MyInputFile.csv for that participant). The MEDI script creates a Matlab “.m” file, 

compatible with MEDI Toolbox (De Rochefort et al., 2010; J. J. Liu et al., 2012; Liu et 

al., 2011a, 2011b) based on information provided in MyInputFile.csv. This Matlab script 

file is saved under a participant’s folder, inside the output directory. The MEDI script then 

runs this file in Matlab without launching the graphical interface (-nodisplay, -nosplash, 

-nodesktop). The MEDI script monitors the Matlab process for errors and evaluates the 

outputs if successful. If errors occur, the script terminates and yields control back to the 

master program in order to report error messages to the user. The resulting outputs from 

the MEDI script are NIFTI files corresponding to a QSM map, a GRE magnitude image 

and the default MEDI Toolbox QSM reference structure mask (whole-brain cerebrospinal 

fluid; CSF), segmented internally by MEDI Toolbox. Lastly, the MEDI script, using MEDI 

Toolbox creates a relative difference field (RDF) image by unwrapping (region growing 

method; Witoszynskyj et al., 2009) the input phase image and removing the background 

field (using projections onto dipole fields; De Rochefort et al., 2010; Liu et al., 2011a). This 

RDF image is saved within a participant’s folder, inside the output directory and is used by 

a subsequent script (see section 2.3.10. 06_QSM_SNR) to identify potential artifacts on the 

input phase image.

2.3.4. 01_MPRAGE—This script is responsible for preprocessing anatomical MPR/

MEMPR images and for running the Freesurfer segmentation pipeline. It is the first 

script to be called if QSM maps are already available (i.e. if “MEDI_No” is indicated 

in MyInputFile.csv for a participant). The script 01_MPRAGE first determines if DICOM 

or NIFTI images were provided as the MPR/MEMPR input. If DICOMs were provided 

these are converted to NIFTI using dcm2niix. If the resulting or user provided NIFTI file/s 

consist/s of more than one volumes/echoes, 01_MPRAGE will assume the data are MEMPR 

and a root mean square image will be created (RMS) using the mri_concat Freesurfer 

command with the –rms option. If a single volume/echo is provided, the MPR data will 

be used as is. Freesurfer is then executed with the recon-all –all option. OpenMP is 

supported by 01_MPRAGE and will use half of the available CPU cores to significantly 

speed-up the Freesurfer segmentation process. Once recon-all is complete (between 6–8 h 

per participant), 01_MPRAGE will check whether all expected output files are present and if 

the recon-all process finished without errors. Control is then returned to the master Ironsmith 

program together with information required to provide feedback to the user and in log files 

(errors or successful completion).

2.3.5. 02_Create_QSM_Masks—This script creates 89 anatomical ROIs, covering 

both subcortical and cortical brain regions (compete list of ROIs is in Appendix 

A) from the Freesurfer output of 01_MPRAGE. All files created by this script are 

saved under a participant’s folder in the output directory. The script first converts 

the following Freesurfer parcellation files to NIFTI from .mgz volume format, using 
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the Freesurfer mri_convert function and RAS as the –out_orientation option: (a) skull-

stripped MPR/MEMPR image, (b) brain mask of skull-stripped MPR/MEMPR image, 

(c) the main aseg parcellation file, (d) the DKT atlas parcellation file, (e) the white 

matter (WM) parcellation file, and (f) the a2009s atlas parcellation file. The script 

then uses these files to create anatomical ROIs using the FSL, fslmaths function 

with the –bin option and a threshold corresponding to the Freesurfer label number 

of a particular anatomical structure (https://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/

AnatomicalROI/FreeSurferColorLUT). The AFNI command 3dmerge is also used by the 

script to combine anatomical structures into lobes as recommended by Freesurfer (https://

surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation). A whole-brain WM mask and a 

mask of the lateral ventricles are also created. These are used by a subsequent script in the 

pipeline as additional QSM reference structures for reconstruction in MEDI Toolbox. As 

with previous scripts, 02_Create_QSM_Masks is monitored and control is returned to the 

master Ironsmith program upon completion for feedback/logging.

It should be noted that zero voxel ROIs are possible during this step and typically indicate 

issues with the Freesurfer segmentation pipeline for a particular anatomical structure 

(possibly due to severe head motion artifacts or a significant sized stroke/lesion or other 

anatomical abnormality). These zero voxel ROIs are communicated to a user both on screen 

and in log files but will not cause Ironsmith to skip a participant or to exit. Subsequent 

scripts detect these zero voxel ROIs and can account for them.

2.3.6. 03_AlignQSM—This script registers the Freesurfer derived skull-stripped MPR/

MEMPR anatomical image of a participant to its corresponding GRE magnitude image 

provided in MyInputFile.csv, or created by the MEDI script, using the AFNI function 

align_epi_anat.py and a local Pearson correlation cost function. Since QSM maps are 

reconstructed from GRE phase/magnitude images, the previous step effectively registers 

a participant’s MPR/MEMPR anatomical image to its corresponding QSM map. Ironsmith 

assumes that GRE magnitude and MPR/MEMPR images have been collected in the same 

scan session. The pipeline has not been tested for registering MPR/MEMPR images to 

GRE magnitude images acquired in different scan sessions and might fail without an 

initial registration performed prior to running Ironsmith. In addition, the resolution of the 

GRE magnitude image is important for registration. Ironsmith uses the AFNI function 

align_epi_anat.py and an absolute local Pearson correlation cost function to register 

an MPR/MEMPR image to a GRE magnitude image. That is, local correlations (both 

positive and negative) between the MPR/MEMPR and the GRE magnitude image drive 

the alignment. For this reason, the closer the resolution of a GRE magnitude image to the 

corresponding MPR/MEMPR image, the higher the local correlations will be for correct 

alignment which will lead to a more accurate registration.

The transformation matrix resulting from the registration step is then used to register all 

Freesurfer derived ROIs created by 02_Create_QSM_Masks to the QSM map in native 

space, using the AFNI function 3dAllineate and a nearest neighbor interpolation method. 

Lastly, each ROI is resampled to the QSM voxel resolution using the AFNI 3dresample 

function. All aligned and resampled masks are saved under a participant’s folder in the 

output directory.
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2.3.7. 04_Erode_QSM_Masks—This script erodes the QSM aligned and resampled 

ROIs (created by previous scripts) by one voxel in order to prevent partial volume 

effects with surrounding WM. Erosion occurs as follows: for each GM parcellation, a 

corresponding WM parcellation is also created by Freesurfer. These WM parcellations are 

processed by all previous scripts and QSM aligned/resampled masks are created from them. 

These WM masks are first dilated by one voxel and then subtracted from their corresponding 

GM masks. As such, any potential overlap of a GM ROI with WM is eliminated.

The 04_Erode_QSM_Masks script is also responsible for eroding the lateral ventricle mask 

by two voxels and the whole-brain WM mask by one voxel in preparation for their use 

as QSM reference structures by the next script. These erosion parameters were determined 

from QSM data and analyses presented in our recent work (Zachariou et al., 2021, 2020). 

The AFNI function 3dmask_tool is used to erode the lateral ventricle and whole-brain WM 

masks. All eroded masks are saved in the output directory under a participant’s folder and 

have the suffix “_Erx1”.

2.3.8. MEDI_QSM_New_Ref—This script is called by the master Ironsmith program if 

the “MEDI_Yes” flag is provided in MyInputFile.csv for a participant. The script creates a 

new MEDI Toolbox compatible Matlab “.m” file and reruns MEDI Toolbox to reconstruct 

two additional QSM maps. One QSM map is reconstructed with the eroded lateral ventricles 

mask as the reference structure and the other with the eroded whole-brain WM mask 

as the reference structure. More specifically, MEDI Toolbox calculates average magnetic 

susceptibility within the provided reference mask and then subtracts this average from each 

voxel of the entire magnetic susceptibility map to yield the final QSM map. The new 

Matlab script file is saved in the output directory under a participant’s folder. The two new 

QSM maps created by this script are used in subsequent benchmark analyses to evaluate 

the impact of different reference structures on QSM data. Additionally, MEDI Toolbox 

uses a fairly rough parcellation of whole-brain CSF as the default reference structure for 

QSM. As such, the default MEDI Toolbox reference mask can vary in size and anatomical 

location across participants and can sometimes partially overlap with GM and WM regions 

(Fig. 2). Using Freesurfer-derived eroded lateral ventricle/WM masks as the QSM reference 

structures will likely improve the quality of QSM data by eliminating this unwanted overlap 

with parenchyma and by reducing partial volume effects.

2.3.9. 05_Extract_QSM—The primary purpose of this script is to extract QSM values 

from each of the (previously created) GM ROIs, using the AFNI 3dBrickStat function. 

Only positive QSM values (susceptibility greater than that of the reference structure used; 

CSF or WM) are considered in averaging. For QSM maps reconstructed using CSF-based 

reference structures (MEDI Default, CSF-only generated by Ironsmith), excluding negative 

QSM values from averages can limit QSM signal from myelin, associated with bordering 

white matter and neuropil (shadow artifacts; see; Kee et al., 2017). These shadow artifacts 

are induced by anisotropic WM adjacent to GM, which contributes to a dipole incompatible 

field and manifests as strongly negative QSM values within GM (Kee et al., 2017). It 

should be noted that the method of excluding negative QSM values to reduce shadow 

artifacts cannot be used for QSM maps reconstructed using average whole-brain WM as the 
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reference because all GM voxels are positive when this reference is used (see Discussion 

section for more details).

Further, outlier QSM voxels are excluded before averaging. Based on information acquired 

from pilot testing of Ironsmith, outlier QSM voxels can occur in GM and typically relate 

to partial overlap between a large vein and a GM ROI (see Fig. 3). Typical QSM values 

extracted from large veins during pilot testing were fairly uniform and around 200 parts 

per billion (ppb; Fig.s 3B, 3C; using CSF from the lateral ventricles as the QSM reference 

structure). In the pilot data, 2.4% of all positive QSM voxels in GM (subcortical and cortical 

regions) had values greater than or equal to vein-like QSM values (Fig.s 3D, 3E). The 

05_Extract_QSM script eliminates these outlier voxels from averages by only including 

QSM voxels with values less than the 97th percentile of all positive QSM values within an 

ROI. The percentile cutoff point for outliers can be modified by manually editing the header 

of the 05_Extract_QSM.sh script file under the Ironsmith installation folder.

Following outlier removal, 05_Extract_QSM calculates average QSM and normalized 

average QSM values for each GM ROI: average QSM values correspond to the sum of 

positive QSM values per voxel, divided by the total number of positive voxels. However, 

average QSM values do not account for differences in head/ROI size between participants 

(e.g. participants with larger ROIs will tend to have more positive QSM voxels compared to 

participants with smaller heads/ROIs). To this end, normalized QSM values are additionally 

computed to correct for variability in head/ROI size across participants. Specifically, 

normalized QSM values are computed by dividing the sum of all positive QSM voxels 

within an ROI by the ROI size (all voxels in an ROI). The unit of measure of all extracted 

QSM values is susceptibility in ppb.

These average QSM values per GM ROI are then written to group CSV formatted text 

files (in a different column per-ROI) within the output folder, with separate lines/rows in a 

text file for each participant. Separate CSV files are created for average QSM values and 

normalized average QSM values and for each QSM map type (corresponding to different 

reference structures). If a zero voxel ROI is detected, the word “FAIL” is written in the 

output file at the appropriate column instead of a numerical value.

The secondary purpose of 05_Extract_QSM is to monitor multiple instances of Ironsmith 

running in parallel and only allow one instance to write to a group output text file at 

a time. This is achieved via a temporary lifeline file created in the output folder that 

updates periodically while the script writes QSM data to disk. If another instance of 

05_Extract_QSM detects a lifeline file that is not stale (i.e., it is being updated), the 

script will wait until the lifeline file is removed before accessing a group output file. If 

the lifeline file is stale (indicating a crash or an issue), 05_Extract_QSM will attempt to 

identify and correct the damaged output files by reverting these back to the last participant 

that completed successfully. This error is clearly communicated to the user both on 

screen and in log files so a corrupted/unfinished participant can be re-processed (see full 

documentation on how to skip the Freesurfer segmentation step for situations like this). 

Lastly, 05_Extract_QSM sorts the group output files periodically, so the order of participants 
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in the output files is the same as the one provided in MyInputFile.csv, irrespective of how 

many instances of Ironsmith are working on the same MyInputFile.csv and output folder.

2.3.10. 06_QSM_SNR—This script has two main functions: (1) it calculates the signal-

to-noise ratio (SNR) for each of the (previously created) GM ROIs and (2), identifies median 

absolute deviation (MAD) based outlier regions on RDF images created by the MEDI script 

(section 2.3.3), if “MEDI_Yes” has been indicated for a participant in MyInputFile.csv file. 

A MAD-based outlier detection process is used here because in the presence of outliers, 

MAD is the most robust measure of dispersion (Leys et al., 2013). The 06_QSM_SNR script 

then returns the percentage overlap of these outlier regions with the previously created GM 

ROIs.

For SNR, the GRE magnitude image is used to compute SNR (root mean square of all 

echoes/volumes of a GRE magnitude image; see section 2.4.2. Imaging protocol) rather than 

the QSM map because the latter tends to mix noise spatially due to spatial deconvolution. 

The first step in the process is to calculate the standard deviation (SD) of background voxels 

in the GRE magnitude image (using an outside-the-head mask) for each participant. The 

script first creates a binary mask of the entire GRE magnitude image, using the AFNI 

function 3dAutomask, which consists of all visible structures, including the skull and neck. 

This GRE head/neck mask is then dilated and contracted several times in order to eliminate 

potential holes within the mask. Next, the entire mask is dilated by two voxels and then 

inverted using the AFNI function 3dcalc. After inversion, voxels outside the head/neck 

(2-voxels away) have a value of one (selected) and voxels inside the head/neck have a value 

of zero (not selected). Lastly, the bottom half of this inverted mask is discarded along the z-

axis. The final outcome is a binary, background image mask (i.e., an outside-the-head binary 

mask), two voxels away from the skull and away from the phase-encoding direction (top of 

the head with sagittal slice acquisition, anterior to posterior order). The FSL fslstats function 

is then used to calculate the SD of the GRE magnitude image within this background mask 

for each participant.

Once outside-the-head SD is calculated, 06_QSM_SNR extracts average GRE magnitude 

image intensity from each of the (previously created) GM ROIs, using the AFNI 3dBrickStat 

function. These per GM ROI averages are then divided by the outside-the-head SD. The 

noise distribution outside the head, however, is not Gaussian but instead follows the 

Rayleigh distribution. The SD of a Rayleigh distribution is related to the SD of a Gaussian 

distribution by a factor of √(2–π/2) (Edelstein et al., 1984), also known as the Rayleigh 

distribution correction factor. As such, the result of the previous step needs to be multiplied 

by this Rayleigh distribution correction factor to yield true, per GM ROI SNR values for 

each participant. These SNR values are stored in the output folder, within a CSV formatted, 

group SNR file, using the same procedure and error correction method as 05_Extract_QSM.

MAD-based outlier regions on RDF images are identified as follows: first, 06_QSM_SNR 

calculates the median of an RDF image, constrained within an aligned, Freesurfer-derived 

whole-brain (WB) mask, eroded by one voxel (created in previous scripts). The median 

is calculated using the FSL function fslstats. Then, using the same FSL function and WB 

mask, the median is subtracted from every voxel of the RDF image and the absolute value 
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of the outcome is saved into a new intermediate map/image. The median of this intermediate 

map/image is then calculated to get the MAD of the RDF image. Positive and negative 

thresholds for outlier voxels are subsequently calculated and correspond to the median of 

the RDF image +/− (5 * MAD). These outlier thresholds have been determined by testing 

the outlier detection procedure on the 35 participants described in section 2.4. Ironsmith 
testing. Next, a MAD-based outlier mask is created using the AFNI function 3dcalc by 

identifying all voxels within an RDF image (WB-mask constrained) lower or higher than 

the positive and negative outlier thresholds calculated in the previous step. Lastly, the 

percent overlap between a MAD-based outlier mask and each of the previously created 

anatomical ROIs is calculated and saved in an output file labelled Group_QSM_MAD.csv 

within the output directory (output directory/Group/ Group_QSM_MAD.csv). Additionally, 

the 06_QSM_SNR script issues a visual warning, while processing the data (this warning is 

also saved in the log files for each participant) if the percent overlap between an ROI and the 

MAD-based outlier mask exceeds 15%.

Fig. 4 demonstrates this outlier detection process on a participant (excluded from analyses) 

with a clinically-confirmed cavernous hemangioma in the right ventral basal ganglia. A 

hemangioma consists of a growth/mass of blood vessels and is often accompanied by 

local blood leakage (increased local deoxygenated hemoglobin). Due to the hemorrhage, 

cavernous hemangiomas are considered regions of strong susceptibility and can cause 

streaking artifacts on QSM maps (Wei et al., 2015). As can be seen on Fig. 4, the outlier 

detection process successfully identified the cavernous hemangioma as an outlier region. 

Importantly, SNR values in ROIs overlapping with the cavernous hemangioma in this 

participant were not lower compared to the rest of the participant cohort. As such, SNR 

alone was unable to identify this artifact.

2.3.11. 07_MNI_NL_WarpQSM—The purpose of this script is to warp the QSM 

aligned skull-stripped MPR/MEMPR image to MNI space using the MNI ICBM152, 1mm, 

6th generation atlas (Grabner et al., 2006) and a non-linear transformation (3dQwarp). 

The resulting transformation matrices are used to warp all QSM maps created in 

previous scripts to MNI space. In addition, the transformation matrices are saved in the 

output folder after warping and example code is made available (within the log file of 

07_MNI_NL_WarpQSM) that can align/register additional, user-specified atlas-based ROIs 

from MNI space to the QSM maps of each participant in native space. Users can use this 

code to extract QSM-based iron concentrations from template-based ROIs in MNI space that 

are not included with Ironsmith. The MNI warped QSM maps can be used in voxel-wise 

analyses outside Ironsmith. Neither voxel-wise analyses, nor are MNI-based ROI analyses 

used/described further in the present manuscript (which focuses on extraction of ROI values 

from native participant space).

2.3.12. Ironsmith outputs—Every participant processed through the Ironsmith pipeline 

has the following outputs, stored within separate sub-folders for each participant under the 

output directory specified in MyInputFile.csv (example participant shown in Appendix B): 

(1) A “LogFiles” folder containing text file logs for each of the scripts called by the master 

Ironsmith program; (2) An “MPR” folder comprised of the Freesurfer recon-all output files. 
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This folder can be used as an optional input to Ironsmith in order to skip the Freesurfer 

segmentation step of the pipeline (details in the full documentation). Skipping this step 

can save time if a participant needs to be re-processed; (3) A “QSM” folder comprised of 

the following: three QSM maps, reconstructed using whole-brain CSF (default of MEDI 

Toolbox), lateral ventricles CSF or whole-brain WM as the QSM reference structure; all 

QSM reference structure masks, MNI warped versions of QSM maps; all ROI masks used in 

the analyses (original, aligned, resampled and eroded versions); all Matlab script files used 

to reconstruct QSM maps in MEDI Toolbox; all transformation matrices calculated during 

alignment and warping; all masks created by 06_QSM_SNR.

Additionally, a “Group” folder is created under the output directory consisting of six CSV 

formatted text files, corresponding to per GM ROI average QSM and normalized average 

QSM values for each of the three QSM maps created during processing (default MEDI 

Toolbox, lateral ventricles CSF and whole-brain WM as the QSM reference structures). If 

per participant QSM maps are provided in MyInputFile.csv then the lateral ventricle and 

whole-brain WM QSM maps are not created and their group QSM output files will not be 

present in the Group folder. CSV formatted text files comprised of per GM ROI SNR values 

and per GM ROI percent overlap with phase-image outlier regions, for each participant can 

also be found in the Group folder.

2.4. Ironsmith testing

2.4.1. Participants—A subset of 35, healthy older adults from the participant cohort 

described in Zachariou et al. (2020) were used to test Ironsmith (21 women, age range 

66–86 years). The main inclusion criteria for these analyses was enrollment in the University 

of Kentucky’s Sanders-Brown Center on Aging participant cohort and thus availability of 

neuropsychological data (Schmitt et al., 2012). Specifically, participants needed to have 

completed the Comprehensive Trail Making Test (CTMT; Reynolds, 2002) as associations 

between the Trails-A portion of CTMT (motor performance) and Ironsmith-derived QSM 

values were explored to assess the external validity of Ironsmith.

All participants provided informed consent under a protocol approved by the Institutional 

Review Board of the University of Kentucky. All participants were cognitively intact based 

on clinical consensus diagnosis and scores from the UDS3. Exclusion criteria for our 

previous MRI study (Zachariou et al., 2020) were significant head injury (defined as loss 

of consciousness for more than five minutes), heart disease, neurological or psychiatric 

disorders, claustrophobia, pacemakers, the presence of metal fragments or any metal 

implants that are incompatible with MRI and diseases affecting the blood (anemia, kidney/

heart disease, etc.). Detailed characteristics of the group of participants included in analyses 

are shown in Table 1.

Table 1. Group demographics and mean cognitive scores. The table lists the total number of 

participants, mean (±sd) for age, male/female distribution and mean (±sd) for Mini-Mental 

State Exam (MMSE) and Montreal Cognitive Assessment (MoCA) scores.

2.4.2. Imaging protocol—Participants were scanned with a Siemens 3T PRISMA 

scanner (software version MR VE11C), using a 64-channel head-coil, at the University 
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of Kentucky Magnetic Resonance Imaging and Spectroscopy Center (MRISC). The 

following sequences were used to test Ironsmith: a 3D multi-echo, T1-weighted anatomical 

image (MEMPR) and a 3D, multi-echo, gradient-recalled echo (GRE) sequence used for 

Quantitative Susceptibility Mapping (QSM). Several other sequences were collected during 

the scanning session related to other scientific questions and are not discussed further here.

The MEMPR sequence had four echoes [repetition time (TR) = 2530 ms, first echo time 

(TE1) = 1.69 ms, echo time spacing (ΔTE) = 1.86ms, flip angle (FA) = 7°] and covered the 

entire brain [176 slices, field of view = 256mm, parallel imaging (GRAPPA), acceleration 

factor = 2, 1mm isotropic voxels, scan duration =5.53 min]. The MEMPR sequence was 

used to optimize the Freesurfer segmentation step in the Ironsmith pipeline and improve the 

accuracy of anatomical ROIs (van der Kouwe et al., 2008).

The sequence used for QSM was a flow compensated, multi-echo, 3D spoiled GRE 

sequence in the sagittal plane with eight echoes (TR/TE1/ΔTE/FA= 24ms/2.98ms/2.53ms/

15°). The entire brain was covered [acquisition matrix = 224 × 224 × 144, parallel imaging 

(GRAPPA), acceleration = 2, 1.2 mm isotropic voxels and scan duration = 6.18 min]. The 

coil combine mode used was prescan normalize - adaptive combine.

2.4.3. MRI data processing—Raw DICOM images were used as inputs for Ironsmith 

which handled the entire analyses pipeline as described in section 2.3. (Architecture).

2.5. Statistical analyses

Statistical analyses were performed using SPSS 27 (IBM, Chicago, IL, USA). Analyses 

included Intraclass Correlation Coefficient (ICC) analyses (using two-way mixed models 

and absolute agreement as the type of index), mixed effects models (for repeated measures 

analyses) and linear regression models. ICC analyses focused on the first 20 participants, 

consistent with reliability analysis protocols performed for the automated biomarker kits 

of the MarkVCID consortium sites, including our own UKy site (Lu et al., 2021). Mixed 

effects models and linear regressions used gender and age as covariates. Variance inflation 

factors (VIF) are provided in linear regression analyses with more than one anatomical ROI 

included in the model in order to evaluate the degree of collinearity between anatomical 

regions. All multiple comparisons are reported using the Sidak correction.

All analyses used participant’s normalized, average QSM values within ROIs because 

they account for ROI size differences between participants and are thus computed as 

part of the Ironsmith pipeline. Further, analyses on QSM-based iron concentrations in 

subcortical structures were conducted separately from those in cortical GM, because iron 

concentration in subcortical brain regions was substantially higher than in cortical brain 

regions (see section 3.3. Relationship between QSM Values and Gibbs artifacts). Lastly, 

where applicable, separate analyses were conducted for QSM values reconstructed using 

each of the following three reference structures: a whole-brain CSF mask generated by 

MEDI Toolbox (default MEDI Toolbox reference), a lateral ventricles-only CSF mask 

generated by Ironsmith and a whole-brain WM mask generated by Ironsmith.
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3. Results

3.1. Reliability

All Ironsmith scripts as well as the third party pipelines used by Iron-smith are 

predominantly deterministic. That is, given the same input, Ironsmith should always produce 

the same output. For example, given the same anatomical dataset, the Freesurfer recon-all 

pipeline will always produce the exact same segmented ROIs. However, since multiple 

different pipelines interact throughout the QSM-analyses process and since these are tied 

together by custom code, the overall deterministic nature of Ironsmith needs to be tested. 

This section demonstrates/tests the deterministic nature of Ironsmith by running the first 20 

participants through the pipeline three times. During this intra-rater reliability analysis, all 

Ironsmith outputs (e.g. segmented ROIs, QSM maps, QSM reference structure masks, QSM 

values, etc.) were manually inspected for correctness by the first author (V.Z.). Additionally, 

to evaluate the turn-key nature of Ironsmith and to explore how the pipeline performs under 

different operating systems and with different processing options, an inter-rater reliability 

was conducted using three independent raters (V.Z., C.E.B. and B.T.G.). The different raters 

run Ironsmith on the same dataset (20 participants) but used different computers, with 

different operating systems (Ubuntu and Redhat) and slightly different processing options 

(e.g. raw DICOM inputs vs NIFTI inputs). Average ICCs were then calculated for intra-rater 

and inter-rater reliability for nine representative subcortical and cortical GM ROIs. As 

anticipated from the deterministic nature of Ironsmith and included third-party pipelines, all 

ICC values were equal to 1.

3.2. Relationship between SNR values and participant head motion

The following analyses were conducted to test if SNR values provided by Ironsmith are 

sensitive to sources of noise that can affect QSM data, such as participant head motion. In 

3D GRE images, head motion is closely associated with ringing artifacts. Visually, these 

closely resemble Gibbs artifacts (Czervionke et al., 1988; Gibbs, 1899). GRE magnitude 

images and QSM maps from each participant were visually rated by the second author 

(C.E.B.) on severity of ringing artifacts present on a three-level scale: (1) little-to-no 

ringing present, (2) moderate ringing present, and (3) significant ringing present (Fig. 5). 

Average SNR values from subcortical ROIs (caudate, pallidum and putamen) and cortical 

ROIs (frontal, parietal, occipital and temporal lobar GM) were then used in mixed models 

analyses to evaluate the relationship between SNR and severity of ringing artifacts. The 

results from these analyses are summarized in Table 2. As can be seen, lower SNR values 

were associated with larger ringing artifacts, in both cortical and subcortical brain regions.

3.3. Relationship between QSM values and ringing artifacts

The following analyses were conducted to determine the impact of ringing artifacts on QSM 

values. Linear mixed effects models were conducted to evaluate the relationship between 

QSM values and ringing artifacts and how this relationship can change as a function of the 

reference structure used to reconstruct QSM maps. QSM values extracted from both cortical 

and subcortical ROIs were used in these analyses. Subcortical QSM comprised average 

QSM values from the caudate, pallidum and putamen ROIs. Cortical QSM comprised 

Zachariou et al. Page 16

Neuroimage. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



average QSM values from the frontal, parietal, occipital and temporal lobar GM ROIs. 

Results are summarized in Table 3.

In sum, ringing artifacts, likely caused by participant head motion, appear to inflate QSM 

values in cortical brain regions when using both the default MEDI Toolbox CSF reference 

and the Ironsmith lateral ventricles CSF reference. QSM values in subcortical brain regions 

appear less affected by ringing artifacts. No significant correlations were observed between 

ringing artifact ratings and QSM values for QSM maps reconstructed using whole-brain 

WM as the QSM reference structure. However, we do not believe this result justifies the use 

of WM as a reference structure due to a number of problems with its use. Specific issues 

associated with the use of whole-brain WM as the QSM reference are described in section 

3.5. “Possible uses of SNR in QSM data analyses” as well as in the Discussion.

3.4. Relationship between QSM and SNR

The purpose of this analysis was to determine if SNR values generated by Ironsmith are 

sensitive to the relationship between QSM values and Gibbs artifacts (i.e. motion-related 

artifacts discussed in the previous section). If so, it may be possible to use the SNR values 

outputted automatically by Ironsmith as a quality control measure. Linear regressions were 

conducted between QSM and SNR values from subcortical and cortical brain regions (in 

separate models) to evaluate their relationship. Results are summarized in Table 4.

In summary, negative correlations were observed between SNR and QSM values in both 

subcortical and cortical brain regions, irrespective of QSM reference structure. That is, lower 

SNR (either due to head motion or due to other sources of MRI noise) tends to be associated 

with higher QSM values. Cortical brain regions appear to be more susceptible to this effect.

3.5. Possible uses of SNR in QSM data analyses

Previous analyses indicated that Gibbs artifacts, likely driven by participant head motion, 

artificially inflate QSM values. Fortunately, SNR values outputted automatically by 

Ironsmith appear to be sensitive to this effect. As such, one way to improve QSM data 

analyses is to exclude participants with very low SNR values, as outliers.

An alternative approach could be to scale/adjust per-ROI QSM values using corresponding 

per-ROI SNR. One way to achieve this is to first normalize the per-ROI SNR values 

to vary between zero and one across participants: SNRsubj, o to 1 = 
SNRsubj − SNRMin
SNRMax − SNRMin

where SNRMin is the lowest SNR in the participant sample and SNRMax is the highest 

SNR in the participant sample, for a given ROI. That is, participants with high SNR are 

assigned normalized SNR values closer to one and participants with low SNR are assigned 

normalized SNR values closer to zero on a per-ROI basis. The second step would be to 

multiply the normalized, per-ROI SNR values by the corresponding QSM values in each 

ROI. As a result, for each ROI, QSM values will be lowered for participants with low SNR, 

whereas QSM values for participants with high SNR will remain relatively unchanged.

To evaluate potential benefits of this proposed SNR-based correction, linear regressions 

between participant age and QSM values from subcortical and cortical brain regions were 
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conducted with and without applying this correction. Participant age was used in these 

analyses as age-related increases in non-heme brain iron are well documented (Acosta-

Cabronero et al., 2016; Bartzokis et al., 2011; Betts et al., 2016; Darki et al., 2016; 

Daugherty and Raz, 2015) and, as such, positive correlations between age and QSM 

values are expected. Participant gender was controlled for in these regressions. Lastly, 

separate analyses were conducted for each QSM map type (default MEDI Toolbox, lateral 

ventricle CSF and whole-brain WM as reference structures). Results from these analyses are 

summarized in Table 5 (gender results are omitted from Table 5 for brevity as gender was 

not a significant predictor in any of the linear regressions).

In summary, cortical QSM values appear to benefit from the proposed SNR-based 

correction: participant age predicted QSM values in cortical brain regions for SNR 

corrected data only. Subcortical brain regions do not appear to benefit from this correction 

as participant age predicted QSM-based iron concentration in subcortical brain regions 

irrespective of whether the data were SNR corrected or not. Further, QSM maps 

reconstructed using either the default MEDI Toolbox CSF or the lateral ventricles CSF 

as reference structures appear to be best suited for extracting QSM values from cortical brain 

regions: participant age did not predict cortical QSM values from QSM maps reconstructed 

using whole-brain WM as the reference structure. Lastly, all QSM map types performed 

comparably for QSM data extracted from subcortical brain regions.

To extend and bolster the QSM vs age results presented in the previous analyses, additional 

regressions were conducted aimed at replicating two specific findings reported in previous 

literature. These analyses/results can be found in supplementary material section 3.5. (S) 

Possible uses of SNR in QSM data analyses.

3.6. Overlap of GM ROIs with phase image outlier regions

This analysis evaluates the percent overlap between the Ironsmith derived GM ROIs and 

outlier regions identified using the Ironsmith phase image quality control (QC) procedure. 

Across the 35 participants included in the analysis, five bilateral GM ROIs consistently 

overlapped with phase-image outlier regions: (1) the nucleus accumbens (18% overlap; 

SE = 9.4), (2) the amygdala (24% overlap; SE = 6.3), (3) the entorhinal cortex (43% 

overlap; SE = 4.5), (4) the medial orbitofrontal cortex (17% overlap; SE = 2.8) and (5) the 

parahippocampal gyrus (21% overlap; SE = 3.3). The percent overlap with outlier regions of 

these five ROIs did not correlate significantly with corresponding SNR: the lowest p-value 

was for the bilateral medial orbitofrontal cortex ROI (r = 0.26; p = 0.08; SE = 0.15; 95 

CI = −0.62 to −0.04). Inspection of these outlier regions revealed no overlap with ringing 

artifacts, typically caused by participant head motion. Therefore, these phase image outlier 

regions appear to be distinct from those identified by the SNR QC procedure. Consequently, 

these ROIs will not be considered in the external validity analyses (section 3.7.) as they 

could be compromised.

3.7. External validity

This section assesses whether Ironsmith-derived QSM values in specific GM ROIs show 

expected relationships with specific behavioral measures. That is, are QSM results outputted 
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by Ironsmith useful for research? As this section constitutes a benchmark of the Ironsmith 

pipeline, only Ironsmith-specific features are tested. Namely, the QSM values used in these 

analyses are not SNR corrected since Ironsmith does not output SNR corrected QSM values. 

Further, these analyses include QSM values extracted from QSM maps reconstructed using 

both the default MEDI Toolbox and Ironsmith-based CSF reference masks. Both the MEDI/

Ironsmith CSF-based reference structures are included in order to elucidate which of these 

two might be better for cortical QSM based analyses.

The primary motor cortex was selected to test the external validity of Ironsmith because 

this region has a very well-established function—voluntary motor movement—and is known 

to undergo significant age-related iron accumulation (Betts et al., 2016; Buijs et al., 2016; 

Hallgren and Sourander, 1958). In addition, previous studies have demonstrated negative 

associations between iron concentration in the primary motor cortex of Parkinson’s and 

amyotrophic lateral sclerosis (ALS) patients and motor performance (Acosta-Cabronero et 

al., 2018; Costagli et al., 2016; Schweitzer et al., 2015). Linear regression analyses were 

conducted to evaluate whether QSM values extracted from primary motor cortex (precentral 

gyrus) are associated with worse performance on Trails-A. In addition, since 33 out of the 35 

participants included in the analyses were right handed, QSM values extracted from the left 

precentral gyrus were expected to be more predictive of Trails-A performance compared to 

those extracted from the right precentral gyrus.

Ironsmith-derived QSM values were also extracted from two control GM ROIs to test the 

anatomical specificity between Ironsmith-derived QSM values and Trails-A performance. 

The control regions were selected on the basis of being anatomically proximal to the 

precentral gyrus but not being primarily involved in voluntary motor function; namely, the 

superior frontal gyrus (anterior to precentral gyrus) and superior parietal cortex (single ROI 

corresponding to the superior and inferior parietal lobule parcellation; posterior to precentral 

gyrus). Separate linear regressions were conducted for left and right hemisphere ROIs to 

avoid issues of multicollinearity. Age and gender were added as covariates in the regression 

model. Results are summarized in Table 6.

In summary, in a model including multiple ROIs, only QSM values extracted from the left 

precentral gyrus correlated negatively with performance on Trails-A (total time to complete 

the task). In contrast, iron concentration extracted from five control regions (right precentral 

gyrus, left and right superior frontal regions and left and right superior parietal regions) 

did not predict performance on Trails-A. Lastly, results obtained using the default MEDI 

toolbox and Ironsmith-based CSF reference structures were largely comparable. However, 

the correlation between QSM values extracted from the left precentral gyrus and Trails-A 

performance was only marginally significant for QSM maps reconstructed using the default 

MEDI Toolbox CSF reference structure.

4. Discussion

Ironsmith is a comprehensive, open-source, fully automated pipeline for creating QSM 

maps and extracting QSM-based iron concentrations from subcortical and cortical brain 

regions. Ironsmith also provides several useful features such as per-participant CSF-only 
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QSM reference structure masks that minimize partial volume effects, and quality control 

evaluation of QSM data including (1) per-ROI SNR measures, (2) automatic filtering of 

outlier QSM values and (3) automatic identification of phase-image outlier regions. Testing 

of Ironsmith revealed excellent intra- and inter-rater reliability (ICC = 1) and established 

external validity: in accord with previous studies, QSM values extracted using Iron-smith 

from both subcortical and cortical brain regions correlated positively with participant age. 

Further, consistent with previous studies, QSM values extracted from primary motor cortex, 

but not from control regions, were correlated negatively with motor task performance.

4.1. Ironsmith automates QSM map reconstruction and extraction of ROI-based QSM 
values

As discussed in the Introduction, at present, few if any software packages exist that offer 

a single, fully automated pipeline for reconstructing QSM maps and extracting QSM-based 

data from anatomical ROIs. Importantly, to our knowledge, no QSM-based software exist 

that offer quality control measures and/or procedures for evaluating the QSM outputs. In 

response to this gap in QSM research, we developed Iron-smith, which is a comprehensive, 

open-source, fully automated pipeline for QSM-based data analyses. Ironsmith is designed 

to process multiple participants in parallel, autonomously with minimal user input and/or 

supervision and requires minimal programming skills to operate. Iron-smith also offers a 

series of quality control measures and solutions to issues commonly encountered during 

QSM analyses. For example, Iron-smith provides per-ROI SNR measures, can automatically 

identify and report phase-image outlier regions, can automatically filter per-ROI outlier 

values and offers highly accurate CSF only, QSM reference structure masks that reduce 

partial volume effects and unwanted overlap with parenchyma (Fig. 2).

4.2. Ironsmith is highly reliable

Testing of Ironsmith revealed excellent intra-rater reliability (ICC = 1). Additional inter-rater 

reliability analyses yielded equally high ICC values, demonstrating the turn-key nature of 

the pipeline. These results verify that the Ironsmith pipeline is deterministic and produces 

replicable results, irrespective of user, which is a significant strength. This high degree of 

reliability stems from several architectural features of Ironsmith. For example, Ironsmith 

makes use of well-established and reliable third party software programs (e.g. Freesurfer, 

AFNI, FSL and MEDI Toolbox). Importantly, the pipelines within Ironsmith that utilize 

these third party software are all deterministic and will always produce the same output 

given the same input. Additionally, Ironsmith minimizes human error by performing all 

preprocessing steps (skull stripping, registration, MEDI Toolbox script generation etc.), and 

by performing quality controls for each main processing step, automatically without the 

need for user-intervention. Lastly, the main inputs to Ironsmith are MRI file locations which 

are evaluated by Ironsmith automatically before it runs. As such, Ironsmith will either run an 

analysis deterministically if it finds all the appropriate files at the specified file locations, or 

it will not run and will output specific and detailed error messages.

4.3. Ironsmith computes ROI-based SNR values for assessing the quality of QSM data

ROI-based SNR values provided by Ironsmith closely correspond with visual ratings of 

ringing artifacts found to be related to participant head motion. As such, these per-ROI SNR 
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values provided by Ironsmith can be used to assess the quality of QSM data. Evaluating 

the quality of QSM data proved important during testing because the severity of ringing 

artifacts correlated positively with QSM values in both subcortical and cortical brain 

regions. Specifically, participant head motion was found to artificially inflate QSM values. 

Notably, cortical GM QSM values were more affected by participant head motion than 

subcortical GM QSM values. This latter finding is consistent with previous MRI findings 

in non-QSM studies, showing that participant head motion more severely affects MR signal 

near the surface of the brain than near the center of the brain (Baum et al., 2018; Iglesias et 

al., 2017; Reuter et al., 2015).

In addition to offering quality control assessment, Ironsmith can be used to filter out ROIs 

or participants with excessive head motion as outliers, specifically those participants with 

low SNR values. Alternatively, SNR-based corrections may also be applied to the QSM data. 

One possible SNR-based correction method was explored and showed promising results in 

the regression analyses between participant age and QSM values extracted from cortical 

GM regions. This analysis focused on age due to well documented age-related increases 

in non-heme brain iron (Acosta-Cabronero et al., 2016; Bartzokis et al., 2011; Betts et al., 

2016; Darki et al., 2016; Daugherty et al., 2015). Results indicated that SNR-corrected QSM 

values in cortex were correlated with age, whereas QSM values in cortex not corrected 

for SNR were not correlated with age. For subcortical brain structures, participant age 

predicted QSM values irrespective of SNR correction. This latter finding is in line with 

the asymmetric impact of participant head motion between QSM values extracted from 

subcortical and cortical brain regions. It should be noted that the SNR-based correction we 

propose is optional and is not a feature offered with Ironsmith (Ironsmith does not output 

SNR corrected QSM values). Further, this SNR-based correction is most useful when low 

SNR participants are present and cannot all be excluded as outliers. If few participants have 

low SNR values or the range of SNR values is small then the SNR-based correction will 

not be useful. In this situation, it might be preferable to exclude low SNR participants from 

analyses as outliers.

4.4. Ironsmith can filter out per-ROI outlier QSM values

As demonstrated in section 2.3. (Architecture), outlier QSM voxels can occur in GM. These 

outlier voxels have very large QSM values typical of those seen in veins. Indeed, these very 

large QSM values in GM appear to relate to partial overlap between a GM ROI and large 

veins (Fig. 3A). Ironsmith can filter-out the majority of these outlier voxels, per ROI, by 

excluding QSM voxels with values larger than the 97th percentile of all positive QSM values 

within the ROI. The percentile cutoff point for outliers can be modified by manually editing 

the header of the 05_Extract_QSM.sh script file under the Ironsmith installation folder. 

Automatic selection of outlier cutoff points for subcortical/cortical GM may be a feature that 

can be included in subsequent versions of Ironsmith.

4.5. Ironsmith can identify outlier regions on phase images

As demonstrated in section 4.3., per ROI SNR values can be used to evaluate the quality 

of QSM data. However, this SNR-based metric may not be entirely representative of the 

quality of a QSM map as it only depends on GRE magnitude images. For this reason, 
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artifacts that manifest predominately on GRE phase images may not be detected. To address 

this issue, Ironsmith offers a phase image QC procedure that can identify outlier regions 

on an RDF image, (an unwrapped phase image with the background field removed). Phase-

image specific artifacts, such as heavy streaking, open-ended fringe lines, and missed phase 

unwraps tend to be more evident on RDF images than raw phase images. These artifacts 

can then be detected as outlier regions. A MAD-based outlier detection procedure was 

selected for Ironsmith since in the presence of outliers, MAD is the most robust measure 

of dispersion (Leys et al., 2013). As indicated in section 3.6. Overlap of GM ROIs with 
phase image outlier regions, Ironsmith detected outlier regions in our participant cohort. 

Importantly, these phase image outlier regions did not correlate with corresponding SNR and 

did not appear to overlap with ringing artifacts. As such, the phase image outlier regions 

appear to represent sources of noise or artifacts that are distinct from those identified by the 

SNR QC procedure. Consequently, we advise users to exclude such phase outlier ROIs from 

analyses.

4.6. Ironsmith demonstrates external validity

Consistent with previous studies, positive correlations were observed between age and 

Ironsmith-derived QSM values extracted from both subcortical and cortical brain regions 

(Acosta-Cabronero et al., 2016; Betts et al., 2016; Darki et al., 2016). In addition, negative 

correlations were observed between QSM values extracted from precentral gyrus (primary 

motor cortex) and motor task performance. Specifically, Ironsmith-derived QSM values 

extracted from the left precentral gyrus correlated negatively with performance on Trails-

A (total time to complete the task). Conversely, neither Ironsmith-derived QSM values 

extracted from the right precentral gyrus, nor those extracted from control regions not 

primarily devoted to voluntary motor movement (superior frontal and superior parietal 

regions), were found to predict performance on Trails-A.

The negative association between precentral gyrus QSM and motor task performance is 

consistent with non-heme iron being a potent oxidizer that can contribute to oxidative 

stress, interfere with neurotransmission and lead to neurodegeneration (Becerril-Ortega et 

al., 2014; Hare and Double, 2016; Ke and Qian, 2007; Matak et al., 2016; Moos et al., 

2007; Zecca et al., 2004). As such, higher iron concentration in primary motor cortex is 

expected to interfere with motor function (e.g. Acosta-Cabronero et al., 2018; Costagli et 

al., 2016; Schweitzer et al., 2015). Moreover, our findings show that Ironsmith-derived QSM 

values demonstrate the expected lateralization effects in that higher iron concentration in left 

primary motor cortex is expected to be more predictive of Trails-A performance in a sample 

of predominantly right-handed participants (33 out of 35 participants were right handed), 

which is what we found. Overall, these findings provide evidence of external validity for the 

Ironsmith pipeline.

4.7. QSM reference structures offered by ironsmith

Ironsmith offers users the ability to view and evaluate results computed using three different 

QSM reference structures. Our intention in outputting QSM results from different reference 

structures is not to encourage users to pick-and-choose the results they ‘like best’. Instead, 

our intention is just the opposite: to facilitate discussion and further research on potential 
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strengths and weakness between different QSM reference structures and how these could 

be applied in different QSM-based analyses. Such discussions can aid the adoption of 

common reference structures across the field of QSM research and thus enhance replication 

of scientific findings.

Our present findings suggest that CSF-based reference structures (average susceptibility 

within CSF reference masks; MEDI default or Iron-smith generated) appear to be more 

appropriate than whole-brain WM reference structures (average susceptibility within the 

whole-brain WM reference mask, generated by Ironsmith), at least for QSM analyses of 

cortical brain regions. Specifically, we observed that in linear regression analyses between 

participant age and QSM, age did not predict susceptibility in cortical GM when whole-

brain WM was used as the QSM reference structure, irrespective of SNR-based correction. 

We suspect shadow artifacts may be contributing to this null finding. As noted in section 

2.3.9 (05_Extract_QSM), shadow artifacts are induced by anisotropic WM bordering GM, 

which contributes to a dipole incompatible field (Kee et al., 2017). When CSF is the 

reference structure, shadow artifacts manifest as strongly negative QSM values within GM 

due to the diamagnetic effect of myelin on susceptibility, relative to CSF (e.g., Hametner 

et al., 2018; Wisnieff et al., 2015). To account for these artifacts, Ironsmith eliminates 

all negative QSM values from ROI averages under the assumption that these are likely 

associated with diamagnetic myelin susceptibility. However, relative to whole-brain WM 

as the reference structure, GM voxels affected by shadow artifacts are positive (i.e. the 

averaged GM-WM susceptibility in the shadow is slightly less negative than susceptibility 

in pure WM1). For this reason, Ironsmith cannot remove the shadow artifact from QSM 

averages when whole-brain WM is the QSM reference and these artifacts may interfere with 

analyses.

For this reason, as suggested in previous studies (e.g. Straub et al., 2017), we also 

recommend the use of CSF-based reference structures over WM reference structures, at 

least until QSM analysis programs evolve viable analytic solutions to deal with shadow 

artifacts. Further, it should be noted that the use of whole-brain WM as the QSM reference 

can be problematic for a number of additional reasons. For example, WM health changes 

with age and with certain diseases both of which can impact magnetic susceptibility. For 

instance, small vessel disease is associated with white matter hyper-intensities (Pantoni and 

Garcia, 1995; Wardlaw et al., 2013; Wiseman et al., 2015). As such, by using whole-brain 

WM as the QSM reference, hyper-intense and non-hyper-intense (abnormal vs normal) WM 

are implied to have the same magnetic susceptibility which is not the case.

Considering which specific CSF-based reference structures to use, every effort should be 

made to ensure minimal overlap with parenchema. Toward that end, Ironsmith offers an 

automated solution to this issue by generating participant specific, eroded lateral ventricles 

CSF masks that do not overlap with parenchema. These CSF-only reference masks are used 

by default in the Ironsmith pipeline.

1In Zachariou et al. 2020 we demonstrated that all negative QSM voxels in cortical GM with lateral ventricles CSF as the reference 
structure become positive when whole-brain WM is used as the QSM reference.
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4.8. Limitations of the ironsmith pipeline

Certain limitations of the Ironsmith pipeline should be acknowledged: The SNR values 

provided by Ironsmith appear to be useful in identifying sources of noise (as described in 

section 4.3.) but should not be considered a gold-standard SNR measure for parallel imaging 

MRI (e.g. SENSE, GRAPPA). For the SNR calculations, Ironsmith assumes a Rician 

noise distribution outside the head which is not the case in parallel image acquisitions. 

For gold-standard SNR measurements in parallel imaging, at least two approaches have 

been proposed. These two approaches involve either (1) collection of at least two sets of 

GRE scans (Goerner and Clarke, 2011) or (2) calculation of the noise amplification factor 

(g-factor) directly from the reconstruction weights (Breuer et al., 2009). Neither of these 

approaches are implemented in Ironsmith. The first approach (1) requires users to collect 

at least two identical QSM scans in direct succession within the same scan session. This 

may not be practical for many studies in which a full battery of additional, non-QSM 

sequences must be collected and time-in-scanner is a consideration. The second approach 

(2) involves a methodologically intensive procedure (Breuer et al., 2009) requiring access 

to raw scanner data and sensitivity profiles, which may not be easily available/interpretable 

by users conducting clinical as opposed to methodological studies. In the absence of these 

gold-standard measures of SNR, our results suggest that Ironsmith-derived SNR values 

appear to be a useful general metric of multiple sources of noise, including head motion, 

which may aid in the identification of data sets requiring further inspection.

Additionally, users should be aware that Ironsmith has only been tested with GRE 

data acquired with a Siemens 3T PRISMA scanner (software version MR VE11C). 

Although, Ironsmith should function correctly with data acquired with other MRI scanner 

manufacturers (e.g. Philips, GE), this functionality has not been tested. Lastly, the test-retest 

reliability of Ironsmith has not been evaluated in the current study. Both of these limitations 

will be addressed in the near future and the Ironsmith GitHub website will be updated 

accordingly.

5. Conclusions

Ironsmith is a comprehensive, fully automated, reliable and valid software pipeline for 

QSM data analyses. Ironsmith is designed to process single or groups of participants 

autonomously with minimal user input and/or supervision, does not depend on user scripts 

to run analyses and requires little to no technical/programming knowledge to setup and use. 

Additionally, Ironsmith provides a number of quality control measures and analytic solutions 

not typically offered by QSM toolboxes, such as per-ROI SNR measures, automatic 

identification of outlier regions on phase images, filtering of per-ROI outlier QSM values 

and a precise, CSF-only reference region for QSM reconstruction. Lastly, Iron-smith is 

completely open-source and thus free for anyone to use and/or modify. These features allow 

robust and replicable, user-friendly access to QSM data analyses for researchers who are 

interested in including QSM in their studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Zachariou et al. Page 24

Neuroimage. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

This work was supported by the National Institutes of Health (grant numbers NIA R01 AG055449, NIA R01 
AG068055, NIA P30 AG072946 and NIGMS S10 OD023573). The content is solely the responsibility of the 
authors and does not necessarily represent the official views of these granting agencies. The authors thank Shoshana 
Bardach for help with participant recruitment and Beverly Meacham and Eric Foreman for assisting/conducting the 
MRI scans. We also thank Drs. Xu Li, Hanzhang Lu, Anders Anderson, Ahmed Bahrani, Pascal Spincemaille and 
Yi Wang for helpful discussions.

Appendix

Appendix A

L_ = Left hemisphere

R_ = Right hemisphere

LR_ = Bilateral

_GM = Gray matter

LR_Frontal_Lobe_GM

LR_Parietal_Lobe_GM

LR_Occipital_Lobe_GM

LR_Temporal_Lobe_GM

L_CaudalAnteriorCingulate_GM

L_CaudalMiddleFrontal_GM

L_Cuneus_GM

L_DLPFC_GM

L_Entorhinal_GM

L_Frontal_GM

L_Fusiform_GM

L_InferiorParietal_GM

L_AngularGyrus_GM

L_InferiorTemporal_GM

L_Insula_GM

L_IsthmusCingulate_GM
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L_LateralOccipital_GM

L_LateralOrbitofrontal_GM

L_Lingual_GM

L_MedialOrbitofrontal_GM

L_MiddleTemporal_GM

L_Occipital_GM_Mask

L_Parietal_GM_Mask

L_Temporal_GM_Mask

L_Parahippocampal_GM

L_Pericalcarine_GM

L_Postcentral_GM

L_PosteriorCingulate_GM

L_Precentral_GM

L_Precuneus_GM

L_RostralMiddleFrontal_GM

L_RostralAnteriorCingulate_GM

L_SuperiorFrontal_GM

L_SuperiorParietal_GM

L_SuperiorTemporal_GM

L_TransverseTemporal_GM

R_CaudalAnteriorCingulate_GM

R_CaudalMiddleFrontal_GM

R_Cuneus_GM

R_DLPFC_GM

R_Entorhinal_GM

R_Frontal_GM_Mask
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R_Fusiform_GM

R_InferiorParietal_GM

R_AngularGyrus_GM

R_InferiorTemporal_GM

R_Insula_GM

R_IsthmusCingulate_GM

R_LateralOccipital_GM

R_LateralOrbitofrontal_GM

R_Lingual_GM

R_MedialOrbitofrontal_GM

R_MiddleTemporal_GM

R_Occipital_GM_Mask

R_Parietal_GM_Mask

R_Temporal_GM_Mask

R_Parahippocampal_GM

R_Pericalcarine_GM

R_Postcentral_GM

R_PosteriorCingulate_GM

R_Precentral_GM

R_Precuneus_GM

R_RostralMiddleFrontal_GM

R_RostralAnteriorCingulate_GM

R_SuperiorFrontal_GM

R_SuperiorParietal_GM

R_SuperiorTemporal_GM

R_TransverseTemporal_GM
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LR_Accumbens_area

LR_Amygdala

LR_Caudate

LR_Hipp

LR_Pallidum

LR_Putamen

LR_Thalamus_Proper

L_Accumbens_area

L_Amygdala

L_Caudate

L_Hipp

L_Pallidum

L_Putamen

L_Thalamus_Proper

R_Accumbens_area

R_Amygdala

R_Caudate

R_Hipp

R_Pallidum

R_Putamen

R_Thalamus_Proper
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Appendix B
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Fig. 1. 
Schematic of the Ironsmith pipeline. The central Iron-smith master program accepts all user 

inputs and controls nine specialized scripts, depicted as orbiting boxes. The specialized 

scripts process the data, create output files and provide user-feedback. The two specialized 

scripts depicted with white boxes are optional and used only if QSM maps need to be 

reconstructed.

Zachariou et al. Page 36

Neuroimage. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Comparison between QSM reference masks created by Ironsmith and by MEDI Toolbox. 

The Fig. depicts T1 anatomical images from two participants used to test Iron-smith. The 

default MEDI Toolbox QSM reference structure is overlaid in red and the Iron-smith lateral 

ventricles CSF reference structure is overlaid in green on top of the T1 images.
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Fig. 3. 
Ironsmith detection of outlier values associated with veins. A prominent vein is displayed 

on QSM images of a single representative participant as well as corresponding QSM values. 

Panel A highlights a sulcus within the left parietal lobe on a T1 anatomical image. Panel B 

highlights a vein within this sulcus, depicted on a QSM map at a typical contrast threshold 

of −300 to 300 ppb. Panel C highlights the same vein as in panel B but the contrast threshold 

of the QSM map is adjusted to vary between −100 to 100 in order to better highlight the 

vein. Large veins typically have QSM values around 200 ppb. Panel D is a histogram of 

positive QSM values in GM for the same participant as panels A, B and C. Panel E shows 

the cumulative frequency distribution of the GM QSM values in D. In both panels D and E 
the 200 ppb QSM cut-off threshold is highlighted with a solid red line.
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Fig. 4. 
Ironsmith-based phase image outlier detection. The magnitude (panel A) and RDF (panel 

B) images of a participant with a clinically-confirmed cavernous hemangioma are presented, 

outlined with red circles. Panel C. depicts, in red, the regions identified by Ironsmith 

as outliers using the MAD-based outlier detection process. The green mask in panel C 
represents a Freesurfer-derived brain mask used to constrain the outlier detection process.
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Fig. 5. 
Ringing artifacts on QSM maps. QSM maps are presented from three different study 

participants containing little-to-no ringing (A), moderate ringing (B) and significant ringing 

(C).
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Table 1

Group Demographics and Mean Cognitive Measures.

n 35

Age (years) 72.84±5.21

M:F 14:21

MMSE
1 29.34±0.9

MoCA
2 26.97±2.38

Mean ± standard deviation is shown for participants.

1
MMSE: Mini-Mental State Exam,.

2
MoCA: Montreal Cognitive Assessment.
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Table 4

Linear regression analyses: QSM and SNR for each QSM reference structure.

QSM Reference Structure: Default MEDI Toolbox

Effect 1 β R2 p-value SE 95% CI

Subcortical QSM −0.461 0.112 0.025* 0.198 −0.860 −0.062

Cortical QSM −0.076 0.504 < 0.0001** 0.011 −0.099 −0.053

QSM Reference Structure: Lateral Ventricles

Subcortical QSM −0.393 0.088 0.048* 0.193 −0.782 −0.004

Cortical QSM −0.058 0.475 < 0.0001** 0.009 −0.077 −0.039

QSM Reference Structure: Whole-brain WM

Subcortical QSM −0.368 0.079 0.062 0.192 −0.755 0.019

Cortical QSM −0.069 0.175 0.005** 0.023 −0.115 −0.022

1
Standardized coefficients.

**
p < 0.01.

*
p < 0.05.
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