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SUMMARY: 16 

This protocol describes the process of applying seven different automated segmentation tools 17 

to structural T1-weighted MRI scans to delineate grey matter regions that can be used for the 18 

quantification of grey matter volume.  19 

 20 

ABSTRACT: 21 

Within neuroimaging research, a number of recent studies have discussed the impact of 22 

between-study differences in volumetric findings that are thought to result from the use of 23 

different segmentation tools to generate brain volumes. Here, processing pipelines for seven 24 

automated tools that can be used to segment grey matter within the brain are presented. The 25 

protocol provides an initial step for researchers aiming to find the most accurate method for 26 

generating grey matter volumes from T1-weighted MRI scans. Steps to undertake detailed 27 

visual quality control are also included in the manuscript. This protocol covers a range of 28 

potential segmentation tools and encourages users to compare the performance of these tools 29 

within a subset of their data before selecting one to apply to a full cohort. Furthermore, the 30 

protocol may be further generalized to the segmentation of other brain regions.  31 

 32 

INTRODUCTION: 33 

Neuroimaging is widely used in both clinical and research settings. There is a current move to 34 

improve the reproducibility of studies that quantify brain volume from magnetic resonance 35 

imaging (MRI) scans; thus, it is important that investigators share experiences of using available 36 

MRI tools for segmenting MRI scans into regional volumes, to improve the standardization and 37 

optimization of methods1. This protocol provides a step-by-step guide to using seven different 38 

tools to segment the cortical grey matter (CGM; grey matter which excludes subcortical 39 

regions) from T1-weighted MRI scans. These tools were previously used in a methodological 40 

comparison of segmentation methods2, which demonstrated variable performance between 41 

tools on an Huntington’s disease cohort. Since performance of these tools is thought to vary 42 

among different datasets, it is important for researchers to test a number of tools before 43 

selecting only one to apply to their dataset.  44 
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 45 

Grey matter (GM) volume is regularly used as a measure of brain morphology. Volumetric 46 

measures are generally reliable and able to discriminate between healthy controls and clinical 47 

groups3. The volume of different tissue types of brain regions is most often calculated using 48 

automated software tools that identify these tissue types. Thus, to create high quality 49 

delineations (segmentations) of the GM, accurate delineation of the white matter (WM) and 50 

cerebrospinal fluid (CSF) is critical in achieving accuracy of the GM region. There are a number 51 

of automated tools that may be used for performing GM segmentation, and each requires 52 

different processing steps and results in a different output. A number of studies have applied 53 

the tools to different datasets to compare them with one other, and some have optimized 54 

specific tools1,4–11. Previous work has demonstrated that variability between volumetric tools 55 

can result in inconsistencies within the literature when studying brain volume, and these 56 

differences have been suggested as driving factors for false conclusions being drawn about 57 

neurological conditions1. 58 

 59 

Recently, a comparison of different segmentation tools in a cohort that included both healthy 60 

control participants and participants with Huntington’s disease was performed. Huntington’s 61 

disease is a genetic neurodegenerative disease with a typical onset in adulthood. Gradual 62 

atrophy of subcortical and CGM is a prominent and well-studied neuropathological feature of 63 

the disease. The results demonstrated variable performance of seven segmentation tools that 64 

were applied to the cohort, supporting previous work that demonstrated variability in findings 65 

depending on the software used to calculate brain volumes from MRI scans. This protocol 66 

provides information on the processing used in Johnson et al. (2017)2 that encourages careful 67 

methodological selection of the most appropriate tools for use in neuroimaging. This manual 68 

covers the segmentation of GM volume but does not cover the segmentation of lesions, such as 69 

those seen in multiple sclerosis.  70 

 71 

PROTOCOL: 72 

 73 

Note: Ensure that all images are in NifTI format. Conversion to NifTI is not covered here.  74 

 75 

1. Segmentation via SPM 8: Unified Segment 76 

 77 

Note: This procedure is performed via the SPM8 GUI which operates within Matlab. The SPM8 78 

guide provides further detail and can be found at:  79 

http://www.fil.ion.ucl.ac.uk/spm/doc/spm8_manual.pdf. 80 
 81 
1.1. Make sure that SPM8 is installed and set in the software path.  82 
 83 

1.2. SPM segmentation is performed using a GUI. To open SPM, open a command window and 84 

type ‘spm’ into the command line. 85 
 86 
1.3. Press ‘PET & VBM’ to open the structural MRI toolbox. 87 
 88 

http://www.fil.ion.ucl.ac.uk/spm/doc/spm8_manual.pdf


 

1.4. Press ‘Batch’ to open the Batch Editor. This allows segmentation to be performed on 89 

multiple scans at a time. 90 
 91 

1.5. Select ‘SPM | Spatial | Segment’. 92 
 93 
1.6. Click ‘Data | Select Files’. Choose the T1-weighted scans as input.  94 

 95 

Note: The files must be unzipped NifTi files, with the extension being ‘.nii’. 96 
 97 

1.7. Click on ‘output files | Grey Matter’ and ensure that ‘Native Space’ is selected, do the same 98 

for White Matter. If the CSF segmentation is not required leave this as ‘None’.  99 
 100 

1.8. If the scans have already been bias-corrected, change the ‘Bias Corrected’ option to ‘Don’t 101 

Save Corrected’. For the ‘Clean up any partitions’ option, test the three different options and 102 

use visual quality control (QC, Section 8) to determine which works best for the data. 103 
 104 
1.9. Leave the other settings as their defaults. Then, click on the green flag to run the 105 

segmentation.  106 

 107 

Note: This takes around 5 minutes per participant, and the command line will say, ‘Running 108 

Segment’. When finished, the command window will display ‘Done’. 109 
 110 

1.10. Perform visual QC on the GM (C1*.nii file) as described in Section 8. 111 
 112 

2. Segmentation via SPM 8: New Segment 113 

 114 
Note: This procedure is performed via the SPM8 GUI. The SPM8 guide provides further detail 115 

and can be found at: http://www.fil.ion.ucl.ac.uk/spm/doc/spm8_manual.pdf. Make sure that 116 

SPM8 is installed and set in the software path. Open the SPM software, typically performed by 117 

typing ‘spm’ into a command line. This opens a graphical user interface (GUI) window with a 118 

range of options that can be selected to perform analysis. 119 
 120 

2.1. Press ‘PET & VBM’. 121 
 122 
2.2. Press ‘Batch’ to open the Batch Editor. 123 
 124 

2.3. Select ‘SPM | Tools | New Segment’ in the Batch window. Select the T1 image files (with 125 

extension ‘.nii’). 126 
 127 
2.4. Set ‘Native Tissue type’ to ‘Native Space’. As needed, turn off the different tissue classes 128 

(such as CSF) - if not required - by setting them to ‘None’. Set ‘Warped Tissue’ to ‘None’. 129 
 130 
Note: All other options can be left as the default setting. 131 
 132 

2.5. Click the green flag to run the segmentation.  133 



 

 134 

Note: The command line will say, ‘Running New Segment’. Once it has finished running the 135 

MATLAB command line will say, ‘Done New Segment’. 136 
 137 

2.6. Perform visual QC on the GM (C1*.nii file) as described in Section 8. 138 

 139 

3.  Segmentation via SPM 12: Segment 140 
 141 
Note: This procedure is performed via the SPM12 GUI. The SPM12 guide provides further detail 142 

and can be found at:  143 

http://www.fil.ion.ucl.ac.uk/spm/doc/manual.pdf.  144 

 145 

3.1. Open the SPM software by typing ‘spm’ into the command window. This opens a graphical 146 

user interface (GUI) window with a range of options that can be selected to perform analysis. 147 
 148 

3.2. Press ‘PET & VBM’. Press ‘Batch’ to open the Batch Editor. 149 
 150 

3.3. Click on ‘SPM | Spatial | Segment’. Then, click on ‘Data | Volumes’. 151 
 152 
3.4. Set ‘Native Tissue type’ to ‘Native Space’. Turn off the tissue classes that are not required 153 

(such as CSF) by setting them to ‘None’. Set ‘Warped Tissue’ to ‘None’. 154 

 155 

Note: All other options can be left as default setting. 156 
 157 

3.5. Click the green flag to run the segmentation.  158 

 159 

Note: The command window will display: ‘Running Segment’. Once the run is complete, it will 160 

display: ‘Done Segment’. 161 
 162 

3.6. Perform visual QC on the GM (C1*.nii file) as described in Section 8. 163 
 164 

4. Segmentation via FSL FAST 165 
 166 

Note: This procedure is done in the command line. The FSL guide provides further detail and 167 

can be found at: 168 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki.  169 
 170 

4.1. Run BET brain extraction. This may need to be optimized for different datasets, but the 171 

basic command is:  172 

bet T1_ID.nii bet_T1_ID.nii 173 
 174 

4.2. Run FSL FAST segmentation: 175 

fast bet_T1_ID.nii 176 
 177 

Note: This will output partial volume maps and binary regions for GM, CSF, and WM. 178 

http://www.fil.ion.ucl.ac.uk/spm/doc/manual.pdf
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki


 

 179 

4.3. Perform visual QC on the GM region (the file ending *_pve_1.nii.gz) as described in Section 180 

8. 181 
 182 
5. Segmentation via FreeSurfer  183 
 184 

Note: This procedure is done in the command line. The FreeSurfer guide provides further detail 185 

and can be found at:  186 

https://surfer.nmr.mgh.harvard.edu/.  187 
 188 
5.1. Set the directory where the data is by typing:  189 

export SUBJECTS_DIR=/path/to/nii/files 190 
 191 

5.2. Run the segmentation by running the commands:  192 

recon-all -i T1_ID.nii -subjid T1_ID -autorecon1 -cw256 193 

recon-all -subjid T1_ID -autorecon2 -autorecon3  194 

 195 

Note: The commands take > 10 h per participant. The -cw256 flag is needed to crop scans with 196 

fields of view larger than 256 down to this size for processing. 197 
 198 
5.3. Check that processing has completed correctly by looking at the script located in the 199 

‘output folder | scripts | recon-all.log’. Check that the last line says ‘recon-all -s T1_ID finished 200 

without error’. 201 
 202 

5.4. Perform visual QC on the GM region as described in Section 8. 203 

 204 

6. Segmentation via ANTs 205 
 206 

Note: This procedure is done in the command line. ANTs is a more complex software than the 207 

other tools and it should be noted that the procedure explained here could be further 208 

optimised for each cohort to improve the results. ANTs documentation can be found at: 209 

http://stnava.github.io/ANTsDoc/. There are two ways to segment the images into tissue 210 

classes as described below.  211 

 212 

6.1. To use the first method, run the command ‘antsAtropos.sh’ with default settings and 213 

without including tissue priors.  214 

 215 

Note: This often performs well especially when only 3 tissue classes are required: GM, WM, 216 

other.  217 
 218 

6.1.1. Set the path to ANTs software by typing the command:  219 

export ANTSPATH=/path/to/ANTs/bin/ 220 
 221 

6.1.2. Run the segmentation pipeline by typing the command:  222 

http://stnava.github.io/ANTsDoc/


 

antsAtroposN4.sh -d <image_dimension> -a <t1.nii.gz> -c <number of tissue classes> -o <output> 223 
 224 

6.1.2.1. Optional arguments for this command are:  225 

Brain mask: -x <mask.nii.gz>; 226 

Tissue priors: -p <segmentationPriors%d.nii.gz>. 227 
 228 

6.1.3. This will create a folder with the output including partial volume maps and an extracted 229 

brain. Perform visual QC on the GM region as described in Section 8. 230 
 231 

6.2. To generate more tissue classes (GM, subcortical GM, WM, CSF, other, etc.) or perform the 232 

segmentation on a cohort showing neural pathology, use specific tissue priors.  Download 233 

tissue priors from different websites. Alternatively, use a study-specific template to make priors 234 

- this is much more complex but can be beneficial, especially in cohorts with pathological brain 235 

changes. 236 

 237 

6.2.1. To create a study-specific template/priors, first create a study-specific template:  238 

antsMultivariateTemplateConstruction.sh -d <image_dimension> -o template <other options> 239 

<images.nii.gz> 240 
 241 

6.2.1.1. Optional arguments for this command are:  242 

-c: control for parallel computation.  243 

If running in serial, use a 0; -j: number of cores; -r: do rigid-body registration of inputs before 244 

creating template (default 0) -- 0 == off 1 == on. This is only useful when an initial template is 245 

not available.  246 
 247 

6.2.2. Download a brainmask and priors from the ANTs website.  248 

 249 

Note: This mask may need to be edited to make sure it is a good approximation of the template 250 

brain. The brainmask is one of the most important parts of the pipeline; if it is poor, then brain 251 

extraction/Atropos will run poorly. Some of the download options are: 252 

https://figshare.com/articles/ANTs_ANTsR_Brain_Templates/915436.  253 

The downloaded template should then be registered to the study template. 254 
 255 

6.2.3. Calculate the registration, which will output a series of warps that can then be applied to 256 

the downloaded template to transform it to study-specific template space. To calculate the 257 

registration, use the command: 258 

antsRegistrationSyNQuick.sh -d 3 -f template.nii.gz -m downloaded_template.nii.gz -o 259 

downloaded_to_template -n 6  260 
 261 

6.2.3.1. The options in this command are:  262 

-d: dimension (i.e., 3D scans would be ‘3’); -f: fixed image (i.e., the space where the images 263 

need to end up); -m: moving image (i.e., the image that needs to be moved); -o: output name 264 

(no extension needed); -n: number of threads. 265 
 266 
6.2.4. Apply the registration to the data:  267 

https://figshare.com/articles/ANTs_ANTsR_Brain_Templates/915436


 

antsApplyTransforms -d 3 -i downloaded_template.nii.gz -r template.nii.gz -o 268 

downloaded_to_template.nii.gz -t downloaded_to_template1Warp.nii.gz -t 269 

downloaded_to_template0GenericAffine.mat. 270 
 271 

6.2.4.1. The options in this command are:  272 

-d: dimension (i.e., 3D scans would be ‘3’); -i: input image (i.e., the image that needs to be 273 

moved); -r: reference image (i.e., the reference image defines the spacing, origin, size, and 274 

direction of the output warped image); -o output name, this is the downloaded template in the 275 

study-specific template space (extension needed in this case); -t transform file name, the 276 

output file from the registration calculation.  277 
 278 

6.2.5. Visually check the registration for correspondence between the study-specific template 279 

and downloaded template (to do this, open the study-specific template on top of the 280 

downloaded template).  281 
 282 

6.2.6. If the registration has worked, apply the transformation to the downloaded priors and 283 

extracted template brain, repeating step 6.2.5.  284 

 285 

Note: Following these steps, there will be a study-specific template, a downloaded template 286 

aligned with the study-specific template, along with a downloaded brain extraction mask and 287 

tissue priors also aligned with the study-specific template. 288 
 289 
6.2.7. Run the study specific template through antsCorticalThickness.sh; this provides GM, WM, 290 

and CSF regions that can be used for study-specific priors: 291 

antsCorticalThickness.sh -d 3 -a template.nii.gz -e downloaded_to_template.nii.gz -m 292 

downloaded_binarised_template_extracted_brain_in_studyspace.nii.gz -p 293 

downloaded_labelsPriors%d.nii.gz -o CT_template 294 
 295 

6.2.7.1. The options in this command are:  296 

-d: dimension (i.e., 3D scans would be ’3’); -a: image to be segmented (in this case, the study-297 

specific template); -e: brain template (not skull stripped; in this case, the downloaded template 298 

that has been registered to the study-specific template); -m: downloaded brain extraction mask 299 

(in this case, the extracted brain from the downloaded template that has been registered to the 300 

study-specific template); -p: priors specified using c-style formatting (e.g., -p 301 

labelsPriors%02d.nii.gz).  302 

 303 

Note: The command assumes that the first four priors are ordered as follows: 1: CSF, 2: cortical 304 

GM, 3: WM, and 4: subcortical GM (in this case, the priors from the downloaded template that 305 

has been registered to the study-specific template). 306 
 307 

6.2.8. Running this command will result in generated priors for the template, but they need 308 

smoothing prior to use in Atropos segmentation. The smoothing command is part of ANTs 309 

software. Smooth all priors using the command:  310 



 

SmoothImage 3 CT_template_BrainSegmentationPosteriors2.nii.gz 311 

CT_template_BrainSegmentationPosteriors_smoothed.nii.gz 312 
 313 

6.2.9. Prior to running Atropos, run brain extraction on all native space scans. The study-specific 314 

template can be used, and extracted brain generated from running antsCorticalThickness.sh on 315 

the template (step 6.2.1):  316 

antsBrainExtraction.sh -d 3 -a T1.nii.gz -e template.nii.gz -m 317 

template_BrainExtractionBrain.nii.gz -o T1_brain.nii.gz 318 

 319 

6.2.9.1. The options in this command are:  320 

-d: dimensions; -a: anatomical image; -e: brain extraction template (i.e., template created, 321 

without skull stripping); -m: study specific brainmask used for brain extraction; -o: output 322 

prefix. 323 
 324 

6.2.10. Then run Atropos:  325 

antsAtroposN4.sh -d 3 -a T1.nii.gz -x T1_brain.nii.gz -c 3 -o Atropos_specific_template 326 
 327 

6.2.10.1. The options in this command are:  328 

-d = dimensions; -a: anatomical image; -x: brain extraction mask generated from the brain 329 

extraction; -c: number of tissue classes to segment; -o: output prefix; -p: study-specific 330 

segmentation priors <segmentationPriors%d.nii.gz> 331 
 332 
6.2.11. Perform visual QC on the GM region as described in Section 8. 333 
 334 

7. Segmentation via MALP-EM 335 
 336 

7.1. To run MALP-EM, open a terminal window, change the directory into the MALP-EM install 337 

directory and type:  338 

./malpem-proot -i T1_scan.nii -o ./ -m optional_brain_mask_final.nii.gz -f 3T -t 6 –c 339 
 340 

7.2. Once the command has been completed, check that there is an output folder with tissue 341 

classes and regional segmentations. 342 
 343 
7.3. Perform visual QC on the GM as described in Section 8. 344 

 345 

8. Visual Quality Control 346 
 347 
Note: Visual quality control should be performed on all segmented regions to be used in the 348 

analysis. Quality control ensures that the segmentations are of a high standard and represent 349 

reliable segmentation of the CGM. To perform quality control, each scan is opened and overlaid 350 

on the original T1 to compare the generated region to the CGM visible on the scan. 351 
 352 

8.1. SPM, FSL, ANTs, and MALP-EM Segmentations 353 
 354 
8.1.1. Perform visual QC using FSLeyes: https://users.fmrib.ox.ac.uk/~paulmc/fsleyes_userdoc/  355 



 

 356 

Note: FSLview (an older viewer) can also be used in the same way. 357 
 358 

8.1.2. Open a terminal window and open the T1 and the GM regions overlaid on the T1. To do 359 

this, type:  360 

fsleyes T1.nii Region1.nii Region2.nii. 361 
 362 
8.1.3. Once FSLeyes opens, use the opacity toggle on the top pane to adjust/reduce the opacity 363 

and allow visualisation of the T1 image underneath the GM region. Change the color of the 364 

segmentation overlay via the ‘color dropdown tab’ in the top pane.  365 
 366 

8.1.4. Scroll through every slice in the brain. 367 

 368 

Note: Here this is done using the coronal view, but users should use the view that they have 369 

most experience with. 370 
 371 

8.1.5. Check every slice for regions of under- or over-estimation of the region being inspected. 372 
 373 
Note: See the representative results section for examples of good and bad segmentations. 374 
 375 

8.2. FreeSurfer QC 376 
 377 

8.2.1. Peform visual QC using FreeView. 378 

 379 

Note: Refer to the documentation here: 380 

https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/FreeviewGeneralUsage/FreeviewQ381 

uickStart. 382 
 383 
8.2.2. Open a terminal window. To view the volumetric GM region overlaid on the T1, change 384 

directory to the subject folder and type:  385 

freeview ./mri/T1.mgz ./mri/aparc+aseg.mgz:colormap=lut:opacity:.3 386 
 387 

8.2.3. Scroll through every slice in the brain. 388 

 389 

Note: Here this is done using the coronal view, but users should use the view that they have 390 

most experience with. 391 
 392 

8.2.4. Check every slice for regions of under- or over-estimation of the region being inspected. 393 
 394 
Note: See the representative results section for examples of the segmentations. 395 

 396 

REPRESENTATIVE RESULTS: 397 

Average brain volumes for 20 control participants, along with demographic information, is 398 

shown in Table 1. This acts as a guide for expected values when using these tools. Results 399 

should be viewed in the context of the original T1.nii image. All GM regions should be inspected 400 

https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/FreeviewGeneralUsage/FreeviewQuickStart
https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/FreeviewGeneralUsage/FreeviewQuickStart


 

as per the steps described in section 8. When performing visual QC, it is important to directly 401 

compare the GM regions to the T1 scan by viewing them overlaid on the T1.  402 

 403 

Regions should be rejected for gross errors as shown in Figure 1. Sometimes these errors result 404 

if processing was run incorrectly, or if the brain was poorly positioned within the field of view. 405 

To correct these errors, the native T1 scans can be rigidly re-aligned to standard space and 406 

segmentation can be re-attempted. The rate of failures will vary depending on quality of the 407 

data and tools used, as well as the classification of failure. In the current study, failure rates of 408 

total failures resulting in rejection were < 5% for all tools, but less significant errors were 409 

consistently seen across a number of tools. FSL FAST, SPM 8 New Segment and FreeSurfer had 410 

errors (but not failures) in > 50% of scans for this cohort. This error rate was quantified by 411 

examining the notes taken during the visual QC process, with errors included if they were seen 412 

as a reasonable departure from the expected regions, as shown in Figures 2-6.  It is important 413 

to note that these tools have been validated on other datasets and result in much lower error 414 

rates 3, 8.  While these errors could possibly be improved via manual intervention or inclusion of 415 

a mask at brain extraction, since SPM New Segment and MALP-EM resulted in a lower error 416 

rate for this dataset, these tools would be used instead. Masks can be applied before 417 

processing within ANTs and MALP-EM, and after processing for SPM (all versions) and FSL 418 

FIRST.  419 

 420 

More minor errors are shown in Figures 2-6. By testing different segmentation tools on a 421 

dataset before application to the whole cohort, the tool that performs best on that dataset can 422 

be selected for analysis. When performing QC, a procedure should be developed for choosing 423 

to reject, edit, or accept segmentations. Common errors seen for the seven tools are described 424 

here, with examples shown in Figures 2-6. Errors in segmentation such as these can often be 425 

corrected with the addition of a mask in the processing stream or editing the regions. However, 426 

regions with extensive over- or under-estimation of the cortex may need to be rejected from 427 

analysis. Strict criteria should be developed and followed when making this decision. These 428 

steps are not covered in this protocol and will vary from dataset to dataset.  429 

 430 

Generally, when performing visual QC, it is important to pay particular attention to temporal 431 

and occipital regions, as these are areas that show the most consistent errors. Figure 2 shows 432 

examples of good and bad temporal segmentations, and Figure 3 shows examples of good and 433 

bad occipital segmentations. Figure 4 shows another common issue that occurs in all tools, in 434 

which non-brain tissue is classified as CGM in superior slices of the brain. Figure 5 displays 435 

another issue seen in a number of segmentations where regions of the CGM are excluded from 436 

the segmentation. This often occurs in superior slices of the brain, as seen in Figure 5.  437 

 438 

SPM8 Unified Segment commonly resulted in poor temporal delineation, with the segmented 439 

GM region spilling into non-brain tissue surrounding the temporal lobes. Spillage into the 440 

occipital lobe is common, while under-estimation of the frontal lobes also seen in a number of 441 

regions. For SPM8 New segment, poor temporal delineation and occipital spillage were also 442 

common. Using this version of SPM also results in voxels within the skull and dura being 443 

classified as GM in nearly all segmentations. SPM12 was improved compared to earlier versions 444 



 

of SPM, with the temporal lobe segmentations improved and less spillage in other regions. 445 

ANTs showed highly variable performance on this cohort, with the initial brain extraction 446 

determining the quality of segmentation. It is important to pay particular attention to the 447 

external boundaries, and if brain extraction is poor using ANTs, then the brain mask included in 448 

the Atropos command can be improved. Issues with over-estimation of the GM in the temporal 449 

and occipital lobes were again common. MALP-EM showed fewer issues with over-estimation 450 

of the temporal and occipital lobes; although, there was under-estimation of the cortex in a 451 

number of cases. This can be improved by inclusion of a brain mask in the pipeline. FSL FAST 452 

segmentations were highly variable, due to the variable performance of BET brain extraction on 453 

the data from this cohort. Again, issues within occipital and temporal lobes were common; 454 

however, these can be improved with optimization of brain extraction. Finally, FreeSurfer 455 

volumetric regions are often tight along the GM/CSF boundary, typically excluding some regions 456 

of GM in the outer boundary (Figure 6). As with other tools, spillage outside of the GM is 457 

prevalent within the temporal and occipital lobes. Finally, Figure 7 shows an example of a good 458 

segmentation displayed in FSLview that had no errors in segmentation. Manual editing of the 459 

regions can often be performed to improve regions, although this is not covered here.  460 

 461 

FIGURE AND TABLE LEGENDS: 462 

 463 

Figure 1: Example of a failed segmentation displayed on a T1 scan. This segmentation should 464 

be re-processed and excluded from analysis if it cannot be improved. 465 

 466 

Figure 2: Examples of the performance of different tools on the temporal lobe on a T1 scan. 467 

(A) The T1 scan without a segmentation. (B) The T1 scan with an example of a good regional 468 

delineation (MALP-EM). (C) The T1 scan with an example of a good regional delineation 469 

(FreeSurfer). (D) The T1 scan with an example of a poor regional delineation, showing spillage in 470 

the left and right temporal lobes (SPM 8 New Segment). (E) The T1 scan with an example of a 471 

poor regional delineation, showing spillage in the left and right temporal lobes (FSL FAST). The 472 

scans are viewed in FSLeyes with the T1 scan as a base image and the GM region as an overlay. 473 

In this figure, the GM regions are viewed as red-yellow with an opacity of 0.4. The color 474 

gradient represents partial volume of voxels, with voxels that are more yellow having a higher 475 

PVE estimate (more likely to be GM) and those that are red having a lower PVE estimate (less 476 

likely to be GM). 477 

 478 

Figure 3: Examples of the performance of different tools on the occipital lobe on a T1 scan. (A) 479 

The T1 scan without a segmentation. (B) The T1 scan with an example of a good regional 480 

delineation (MALP-EM). (C) The T1 scan with an example of a poor occipital lobe delineation 481 

with spillage into the dura in the medial section of the region (SPM 8 Unified Segment). (D) The 482 

T1 scan with an example of a poor occipital lobe delineation with spillage into the dura in the 483 

medial and superior sections of the region (SPM 8 New Segment). (E) The T1 scan with an 484 

example of a poor occipital lobe delineation with spillage into the dura in the medial and 485 

superior sections of the region (FSL FAST). The scans are viewed in FSLeyes with the T1 scan as a 486 

base image, and the GM region as an overlay. In this figure, the GM regions are viewed as red-487 

yellow with an opacity of 0.4. The color gradient represents partial volume of voxels, with 488 



 

voxels that are more yellow having a higher PVE estimate (more likely to be GM) and those that 489 

are red having a lower PVE estimate (less likely to be GM). 490 

 491 

Figure 4: Example of a GM region spilled into the dura, displayed in an FSLview window (in 492 

sagittal, coronal, and axial views). The blue region highlights spillage into the dura.  493 

 494 

Figure 5: Example of a GM region that has excluded regions of the CGM from segmentation. 495 

This region is displayed in an FSLview window, in sagittal, coronal, and axial views. The axial 496 

view best shows the regions that have been excluded from segmentation.  497 

 498 

Figure 6: Example of a FreeSurfer GM region that is very tight along the GM/CSF boundary, 499 

displayed in FreeView. The coronal window in the top left best displays the under-estimation in 500 

the CGM in this region. 501 

 502 

Figure 7: Example of a well-delineated MALP-EM region on a T1 brain scan. The region shows 503 

no issues with over- or under-estimation of the CGM in any region.  504 

 505 

Table 1: Demographic information and average GM volumes (mL) for 20 control participants 506 

from the TRACK-HD study, segmented using the seven tools described here.  507 

 508 

DISCUSSION: 509 

Recently, research has demonstrated that the use of different volumetric methods may have 510 

important implications for neuroimaging studies1,2. By publishing protocols that help guide 511 

novice users in how to apply different neuroimaging tools, as well as how to perform QC on the 512 

results output by these tools, researchers may select the best method to apply to their dataset.  513 

 514 

While most steps in this SOP can be adjusted to suit the data and researcher requirements, one 515 

of the most critical processes presented here are the steps describing detailed visual quality 516 

control. Visual QC should be performed on all segmentations output by these tools and is 517 

essential for the accurate measurement of CGM. The QC steps taken to ensure high-quality 518 

segmentations have been developed after the examination of thousands of CGM regions. By 519 

comparing different tools via visual examination, the most accurate method can be found for 520 

each dataset. 521 

 522 

For each tool, there are different options that can be used to optimize segmentation on each 523 

dataset. It is often preferable to realign all scans to native space prior to segmentation, as this 524 

can reduce errors in segmentation; however, this is not essential. Furthermore, the regions 525 

output by each tool differ, with some including only cortical GM and some also including 526 

subcortical regions. Furthermore, some regions output partial volume estimates (PVE) and 527 

some output discrete tissue maps. While volume extraction is not covered here, and discussion 528 

of the difference between PVE and discrete tissue maps is beyond the scope of this standard 529 

operating procedure (SOP), PVE maps are generally accepted as a more reliable measure12. This 530 

SOP provides information on the processing used in Johnson et al. (2017)2 to segment and QC 531 

the scans; however, there may be more appropriate selections for other users depending on 532 



 

the quality of their images, and further processing such as the application of masks to limit 533 

regions to cortical GM may be required. All segmentations can be performed in native space. 534 

This protocol provides example pipelines for seven different methods that can be used to 535 

segment the CGM from T1 MRI scans. These examples largely follow the default pipelines that 536 

are recommended for each software, and it is important to note that further optimization of 537 

these pipelines may be necessary for the successful segmentation of a region on different 538 

scans. Some tools, such as MALP-EM, have limited options and are likely better for users who 539 

are new to neuroimaging. Other tools, including ANTs, can undergo detailed optimization, and 540 

the protocol presented here represents one possible application of this software. Additional 541 

options, such as the use of masks to limit calculation of the volumes, are also possible for most 542 

tools.  543 

 544 

It is important to note that not all tools can be used on every operating system. SPM and ANTs 545 

are compatible with Windows, Mac, and Linux systems, FSL is compatible with Mac and Linux 546 

systems, and MALP-EM and FreeSurfer are compatible with Linux systems (or a Linux virtual 547 

machine running on a Windows/Mac PC). 548 

 549 

This protocol covers the steps that can be used to perform segmentation and quality control 550 

(QC) on 3D T1-weighted MRI scans to generate CGM regions. However, the protocol assumes 551 

that images are 3D T1 images in NifTI format (.nii extension). In the analysis performed by 552 

Johnson et al.2, images were already bias-corrected using the N3 procedure13. This protocol also 553 

assumes that the software has been downloaded and installed on a linux machine as per the 554 

instructions provided by each tool. The software compared here include SPM814, SPM12, FSL15, 555 

FreeSurfer16,17, ANTs18, and MALP-EM19.  556 

 557 

This SOP covers a range of segmentation techniques; however, there are other options 558 

available for segmenting structural T1 scans. These methods were selected for previous 559 

comparison by Johnson et al.2 based on their frequency of use within Huntington’s disease 560 

research. However, every tool performs differently in each dataset, and segmentation tools not 561 

covered here may be appropriate for other datasets and research groups.  562 

 563 

These tools are widely used within neuroimaging research. As software updates are created for 564 

these tools, it is likely that the output of each segmentation method will undergo significant 565 

changes over time. However, emphasis should remain on the process of visual QC to ensure 566 

that high-quality segmentations are used in neuroimaging studies.  567 

 568 
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Reviewer #1: 
Manuscript Summary: 
The manuscript depicts a very useful and feasible workflow important to a very large community in 
neurosciences, that is (partly) automated grey matter segmentation. 
We would like to thank Reviewer 1 for their feedback and for their comments, which have greatly improved the 
manuscript.   
 
Major Concerns: 
1. Such semiautomated measurements often require manual corrections, but this is something the 
authors emphasize sufficently (QC) in their manuscript. 
We have elaborated on this information in the representative results section to ensure that this point is clear for 
readers. 
Minor Concerns: 
1. Workflow and results translatable to the specified tools using them on other operating Systems than 
Linux? E.g. MacOSX/macOS or Windows? 
This suggestion is a very useful addition and has been clarified within the discussion on page 11 (limitations of 
the technique). 
2. Application of masks feasible to which described software tools? 
This has been clarified within the representative results section when discussing how to improve segmentation 
results.  
3. Materials Table: "SPM8 Segment" = "SPM8 Unified Segment" as in line 90? Please unify terminology. 
This change has been made, and the manuscript has been re-reviewed for similar errors  
4. Legend Figure 2: Please clarify that "different performance" means "different performance of the 
different software tools" or name the correspondingly used tool(s) 
Additional detail has been added to the figure legends to clarify what is shown. 
5. Figure 2: D+E: please depict the meant temporomesial spillage more clearly, e.g. using arrows. 
Arrows have been added to the figures to guide readers more effectively to understand the errors. 
 
 
Reviewer #2:  
Manuscript Summary: 
The manuscript describes the procedure to segment gray matter and check the result images. The 
manuscript is relevant as there are many reports of gray matter volumes and atrophy in various 
neurological disorders, normal aging, and growth studies. I would recommend several revisions before 
publication. 
We would also like to thank Reviewer 2 for their comments and improvements to the manuscript 
 
Minor Concerns: 
1. Define cortical and total gray matter as different or same from the beginning of the manuscript. 
This change has been made.  
2. More clearly at early on, describe the assumptions - for example, that diseases such as vascular and 
multiple sclerosis lesions are out of scope. 
This clarification has been added to the introduction on page 2. 
3. Since SPM is GUI-based method, I would add more details of procedures to start analyses. 
The instructions for SPM on pages 3-4 have been expanded to provide additional guidance.  
4. There is an error in describing FreeSurfer and FSL in that you need the MATLAB path. FreeSurfer and 
FSL are not MATLAB based. 
This error has been amended. 
5. Hyphens vs dashes are not well distinguished. 
We have checked the manuscript to ensure that hyphens and dashes have been used consistently.  
6. Clarify if the scope includes volumes from segmentation or just to segment. It relates to how you may 
threshold the probability maps. So, some additional comments on the binary vs probability or likelihood 
output image would be nice. 



We agree that this would be helpful, we have added an explanation of this along with a brief description of 
probability maps has been added to the discussion on page 11.  
7. With FSL 5.0.10, fslview is obsolete and suggests fsleyes. 
We have changed the recommended viewer to FSLeyes (see page 8) as suggested by Reviewer 2. 
8. The figures should have arrows to indicate the areas of concerns. And slightly more detail on overlaid 
than just "you can change the opacity and colour to improve visualization." The way a user actually gets 
the similar images. Some explanation on the colors - especially the border appearance is different (red 
color on 'yellow' gray matter or purple color on the coronal slices). 
Detail has been added to the SOP and figure legends to explain how to replicate the viewing conditions shown in 
these figures.  
9. On FreeSurfer segmentation, more details on "Open a terminal and open the T1, with as many regions 
as required overlaid. To do this type: Freeview T1.nii Region1.nii Region2.nii." Specifying the filenames 
that is relevant for this purpose would help. 
This stage has been re-written to provide clearer instructions – see page 8. 
10. It's worth noting that different groups different steps before and after these segmentation programs. 
For example, before any SPM segmentation, our group performs linear registration (Normalize) that 
modifies the nifti header, which will reduce the failure rate. 
We agree and have added more information regarding these steps to the discussion on page 11.   
11. It helps to explain the example procedures to 'fix' the initial straightforward segmentation. 
This has been clarified within the representative results. 
12. Can you speculate or give failure rates that may provide an extent of expectations for the readers 
and users. 
This has been added to the representative results section, along with a description of how to improve 
segmentations 
13. Line 354-355: "These errors can be corrected by re-running processing or re-orienting the brain to 
roughly align with standard space." is not clear as an SOP. 
We recognise that this instruction was too brief, and have expanded this description slightly on page 9, although 
unfortunately it is beyond the scope of this manual to provide more extensive details 

 


