
NeuroImage 245 (2021) 118709 

Contents lists available at ScienceDirect 

NeuroImage 

journal homepage: www.elsevier.com/locate/neuroimage 

Multisite reproducibility and test-retest reliability of the T1w/T2w-ratio: A 

comparison of processing methods 

Stener Nerland 

a , b , ∗ , Kjetil N. Jørgensen 

a , b , Wibeke Nordhøy 

c , Ivan I. Maximov 

d , e , f , 
Robin A.B. Bugge 

c , Lars T. Westlye 

d , e , Ole A. Andreassen 

b , d , Oliver M. Geier c , Ingrid Agartz a , b , g 

a Department of Psychiatric Research, Diakonhjemmet Hospital, Oslo 0319, Norway 
b NORMENT, Institute of Clinical Medicine, University of Oslo, Oslo, Norway 
c Department of Diagnostic Physics, Division of Radiology and Nuclear Medicine, Oslo University Hospital, Oslo, Norway 
d NORMENT, Division of Mental Health and Addiction, Oslo University Hospital, Oslo, Norway 
e Department of Psychology, University of Oslo, Oslo, Norway 
f Department of Health and Functioning, Western Norway University of Applied Sciences, Bergen, Norway 
g Department of Clinical Neuroscience, Karolinska Institutet, Stockholm, Sweden 

a r t i c l e i n f o 

Keywords: 

Magnetic resonance imaging 
T1w/T2w-ratio 
Myelin mapping 
Bias field correction 
Intensity normalization 
Outlier correction 
Partial volume correction 

a b s t r a c t 

Background: The ratio of T1-weighted (T1w) and T2-weighted (T2w) magnetic resonance imaging (MRI) images 
is often used as a proxy measure of cortical myelin. However, the T1w/T2w-ratio is based on signal intensities 
that are inherently non-quantitative and known to be affected by extrinsic factors. To account for this a variety 
of processing methods have been proposed, but a systematic evaluation of their efficacy is lacking. Given the 
dependence of the T1w/T2w-ratio on scanner hardware and T1w and T2w protocols, it is important to ensure 
that processing pipelines perform well also across different sites. 
Methods: We assessed a variety of processing methods for computing cortical T1w/T2w-ratio maps, including cor- 
rection methods for nonlinear field inhomogeneities, local outliers, and partial volume effects as well as intensity 
normalisation. These were implemented in 33 processing pipelines which were applied to four test-retest datasets, 
with a total of 170 pairs of T1w and T2w images acquired on four different MRI scanners. We assessed processing 
pipelines across datasets in terms of their reproducibility of expected regional distributions of cortical myelin, 
lateral intensity biases, and test-retest reliability regionally and across the cortex. Regional distributions were 
compared both qualitatively with histology and quantitatively with two reference datasets, YA-BC and YA-B1 + , 
from the Human Connectome Project. 
Results: Reproducibility of raw T1w/T2w-ratio distributions was overall high with the exception of one dataset. 
For this dataset, Spearman rank correlations increased from 0.27 to 0.70 after N3 bias correction relative to the 
YA-BC reference and from -0.04 to 0.66 after N4ITK bias correction relative to the YA-B1 + reference. Partial 
volume and outlier corrections had only marginal effects on the reproducibility of T1w/T2w-ratio maps and test- 
retest reliability. Before intensity normalisation, we found large coefficients of variation (CVs) and low intraclass 
correlation coefficients (ICCs), with total whole-cortex CV of 10.13% and whole-cortex ICC of 0.58 for the raw 

T1w/T2w-ratio. Intensity normalisation with WhiteStripe, RAVEL, and Z-Score improved total whole-cortex CVs 
to 5.91%, 5.68%, and 5.19% respectively, whereas Z-Score and Least Squares improved whole-cortex ICCs to 
0.96 and 0.97 respectively. 
Conclusions: In the presence of large intensity nonuniformities, bias field correction is necessary to achieve ac- 
ceptable correspondence with known distributions of cortical myelin, but it can be detrimental in datasets with 
less intensity inhomogeneity. Intensity normalisation can improve test-retest reliability and inter-subject compa- 
rability. However, both bias field correction and intensity normalisation methods vary greatly in their efficacy 
and may affect the interpretation of results. The choice of T1w/T2w-ratio processing method must therefore be 
informed by both scanner and acquisition protocol as well as the given study objective. Our results highlight 
limitations of the T1w/T2w-ratio, but also suggest concrete ways to enhance its usefulness in future studies. 
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. Introduction 

Recently, the study of the myelin content of the cerebral cortex has
ndergone a revival, driven by advances in magnetic resonance imag-
ng (MRI) techniques, a heightened appreciation of the importance of
ortical myelin for brain function, and its relevance to a variety of brain
isorders. Quantitative relaxometry methods such as R1 (1/T1) and R2 ∗ 

1/T2 ∗ ) mapping are considered particularly well-suited for in vivo cor-
ical myelin mapping but are not yet commonly used in clinical stud-
es ( Edwards et al., 2018 ; Uddin et al., 2019 ). The ratio of T1-weighted
T1w) and T2-weighted (T2w) MRI images has been proposed as a proxy
easure of cortical myelin, with the advantage of only requiring conven-

ional MRI sequences. This use of the T1w/T2w-ratio is based on several
bservations regarding the MRI signal in the cerebral cortex. First, the
1w and T2w image contrast between grey and white matter is mainly
etermined by myelin ( Koenig, 1991 ; Koenig et al., 1990 ). Second, the
1 signal can be used to identify and delineate myeloarchitectonic re-
ions in the cerebral cortex ( Clark et al., 1992 ; Eickhoff et al., 2004 ;
alters et al., 2003 ). Third, the T2 signal is roughly anticorrelated with
yelin, and finally shared field inhomogeneities in the T1w and T2w

mages are reduced by taking the ratio ( Glasser and Van Essen, 2011 ).
n the cerebral cortex, high correlations between R1, a quantitative mea-
ure associated with myelin content, and the T1w/T2w-ratio have been
eported ( Shams et al., 2019 ), but the microstructural correlates of the
1w/T2w-ratio in white matter are less clear ( Uddin et al., 2018 ). 

The use of the T1w/T2w-ratio in neuroimaging research can be
laced within three broad categories. First, its regional intra-subject

istribution has been used to characterise the myeloarchitecture of
he cortex, utilising its close spatial correspondence with histological
easures of cortical myelin content ( Glasser and Van Essen, 2011 ;
ieuwenhuys and Broere, 2017 ). For example, the T1w/T2w-ratio is one
f the two main structural measures underlying the multi-modal parcel-
ation of the cerebral cortex in Glasser et al. (2016) and its relationship
ith gradients of cyto- and myeloarchitecture, regional gene expres-

ion, and synaptic density are topics of ongoing research ( Valk et al.,
020 ; Wang, 2020 ). Secondly, the T1w/T2w-ratio is used to charac-
erise inter-subject differences in cortical myelin content. In healthy in-
ividuals, it has been used for brain age prediction ( Rokicki et al.,
020 ), to characterise cross-sectional age trajectories of cortical myeli-
ation ( Grydeland et al., 2019 ), and to study the relationship between
ortical myelin and cognitive performance ( Grydeland et al., 2013 ;
orbom et al., 2020 ; Tzourio-Mazoyer et al., 2019 ). It has also been

tudied in clinical conditions with known or hypothesised disturbance
f cortical myelin where T1w and T2w images, but not more direct mea-
ures of myelin, are commonly acquired. Such conditions include multi-
le sclerosis ( Nakamura et al., 2017 ; Preziosa et al., 2021 ; Righart et al.,
017 ), Huntington’s disease ( Rowley et al., 2018 ), Alzheimer’s disease
 Pelkmans et al., 2019 ), schizophrenia ( Iwatani et al., 2015 ) and bipo-
ar disorders ( Ishida et al., 2017 ). Finally, the T1w/T2w-ratio has been
sed in whole-brain analyses ( Ganzetti et al., 2014 ), for example to en-
ance contrast for brain tissue segmentation ( Misaki et al., 2015 ) and
o investigate tissue alterations in multiple sclerosis ( Beer et al., 2016 ;
ooper et al., 2019 ). 

The T1w/T2w-ratio is not, however, a direct measurement of cortical
yelin as it is based on intensities expressed in arbitrary units influenced

y non-biological variation ( Fortin et al., 2016 ; Shinohara et al., 2014 ).
esidual field inhomogeneities, head placement within the receive coil,

mage intensity scaling factors, and pulse sequence-specific acquisition
arameters are factors that can affect the ratio. Receive coil (B1-) in-
omogeneities are routinely corrected for during image acquisition us-
ng methods such as Phased array Uniformity Enhancement (PURE) on
E systems, Constant Level AppeaRance (CLEAR) on Philips systems,
nd Prescan Normalize on Siemens systems. In principle, computing the
1w/T2w-ratio should cancel residual intensity inhomogeneity shared
etween the T1w and T2w images while enhancing contrast related to
yelin content ( Glasser and Van Essen, 2011 ). However, other sources
2 
f intensity inhomogeneity, notably bias in the transmit field (B1 + ),
ay manifest differently in T1w and T2w images and will therefore not

e cancelled in the ratio. It is often assumed that B1 + inhomogeneity
rofiles are similar across the T1w and T2w images, but this does not
old in general ( Glasser and Van Essen, 2011 ; Sereno et al., 2013 ). It
ay therefore be necessary to perform post-hoc bias field correction to
inimise residual field inhomogeneities. While dedicated sequences for

stimating the B1 + bias field exist, the standard approaches are post-hoc
mage filters such as the nonparametric nonuniform intensity normaliza-
ion (N3) algorithm ( de Boor, 1972 ) and its more recent variant N4ITK
 Tustison et al., 2010 ). 

Since the T1w/T2w-ratio is formed from two separate image acqui-
itions, head movement between each pulse sequence may affect the
esults. Images must therefore be spatially aligned before the ratio is cal-
ulated, usually by rigid transformation of the T2w image to the T1w
mage ( Glasser et al., 2013 ; Glasser and Van Essen, 2011 ). This step
equires robust registration methods and considerable developmental
fforts have been directed towards that goal ( Greve and Fischl, 2009 ).
owever, head movement or poor image coregistration may still cause

purious T1w/T2w-ratio values in isolated voxels. Likewise, the sam-
ling of voxels along reconstructed surfaces is sensitive to errors in the
urface placement and this may similarly lead to spurious T1w/T2w-
atio values in isolated surface vertices. For these reasons, outlier cor-
ection methods both on the voxel and vertex level have previously been
ecommended ( Glasser and Van Essen, 2011 ). 

A further limitation is the resolution of the T1w and T2w images,
ypically 1 mm isotropic in clinical studies. Low resolution can lead to
reater partial volume effects, whereby intensities within grey matter
re contaminated by intensities in cerebrospinal fluid or white matter.
o address this issue, Shafee et al. (2015) developed a method for per-
orming partial volume correction (PVC) and found regionally depen-
ent differences between the PVC corrected and uncorrected T1w/T2w-
atio maps, where greater differences were seen in sulci compared to
yri. Depending on the specific application of the T1w/T2w-ratio some
f these technical limitations may be more important than others. For ex-
mple, in vivo parcellation of myeloarchitecture requires reproducible
egional distributions of T1w/T2w-values, particularly in boundary re-
ions ( Glasser and Van Essen, 2011 ). In this context, it is less important
hat T1w/T2w-ratio values are directly comparable across subjects. In
ontrast, the precision of measurements is vital to studies performing
nter-subject comparisons or investigating associations with biological
ariables. This is commonly estimated by examining test-retest relia-
ility. A variety of intensity normalisation methods have been proposed
o improve the inter-subject comparability of the intensities of T1w and
2w images ( Ghassemi et al., 2015 ; Nyúl and Udupa, 1999 ; Shah et al.,
011 ; Shinohara et al., 2014 ). These methods can be used to correct the
1w/T2w-ratio by applying them to the T1w and T2w images separately
efore taking the ratio. 

In the present study, we implemented several previously proposed
ethods for computing the T1w/T2w-ratio, including bias field cor-

ection and intensity normalisation of the T1w and T2w images prior
o taking the ratio, and applied these to four test-retest datasets ac-
uired on four different scanners. These processing pipelines included
orrections for field inhomogeneity, partial volume effects and sur-
ace outliers, as well as intensity normalisation methods which aim
o improve inter-subject comparability of image intensities. We eval-
ated each pipeline based on two distinct set of criteria. First, cor-
espondence with myelin staining studies is important when using
he T1w/T2w-ratio to perform myeloarchitectonic parcellation and de-
ends on good intra-subject reproducibility of regional distributions. We
herefore assessed the correspondence of T1w/T2w-ratio maps quali-
atively with cortical myelin maps from histological staining studies
 Nieuwenhuys and Broere, 2017 ) and quantitatively using rank corre-
ations with in vivo data from Glasser et al. (2016) and from a recent
reprint from Glasser et al. (2021) . Laterality indices (LIs) were used as a
roxy for spatially dependent field bias which may lead to hemispheric
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Table 1 

T1w and T2w sequences and parameters for each dataset. 

T1w sequence T2w sequence 

Dataset NOR-MR750 NOR-Premier DONDERS HCP NOR-MR750 NOR-Premier DONDERS HCP 

Vendor General Electric General Electric Siemens Siemens General Electric General Electric Siemens Siemens 
Scanner Discovery MR750 SIGNA Premier Magnetom Prisma Connectom Skyra Discovery MR750 SIGNA Premier Magnetom Prisma Connectom Skyra 

Head coil 32-channel 48-channel 32-channel 32-channel 32-channel 48-channel 32-channel 32-channel 
Sequence BRAVO MPRAGE MPRAGE MPRAGE CUBE CUBE SPACE SPACE 
Resolution 1 mm iso 0.8 mm iso 0.8 mm iso 0.7 mm iso 1 mm iso 0.8 mm iso 0.8 mm iso 0.7 mm iso 
TA (mm:ss) 04:43 06:22 06:02 07:40 04:23 05:21 06:19 08:24 

TR (ms) 8.16 2356 2200 2400 2500 3202 3200 3200 
TE (ms) 3.18 3.13 2.64 2.14 71.68 90.6 569 565 
TI (ms) 450 950 1100 1000 – – – –

FA (deg) 12 8 11 8 90 Variable Variable Variable 
BW (Hz/px) 244 238 170 210 488 555 579 744 

iPAT 2 2 3 2 2 × 2 2 × 2 3 2 
B1- calibration PURE PURE Prescan Normalise No PURE PURE Prescan Normalise No 
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ntensity biases. Second, acceptable test-retest reliability is important
hen using the T1w/T2w-ratio for inter-subject comparisons. We there-

ore evaluated the test-retest reliability of the T1w/T2w-ratio via coef-
cients of variation (CVs) and intraclass correlation coefficients (ICCs).
his gives an estimate of the precision which is an important constraint
n the detectible effects when using the measure ( Matheson, 2019 ). 

. Materials and methods 

.1. Participants 

Participants were included from four test-retest datasets acquired on
wo 3T GE scanners (GE Medical Systems, Milwaukee, USA) and two 3T
iemens scanners (Siemens, Erlangen, Germany). There was an overlap
f eight participants for the NOR-MR750 and NOR-Premier datasets. For
hese participants, the scan-rescan interval between the first session on
n the NOR-MR750 and the first session on the NOR-Premier dataset
anged from 9.8 to 10 months. Scanner model, sequence types and ac-
uisition parameters for each dataset is given in Table 1 . 

.1.1. Dataset 1 - The Norwegian centre for mental disorders research - 

eneral electric discovery MR750 (NOR-MR750) 

This dataset was collected as part of a reliability study conducted at
he Norwegian Centre for Mental Disorders Research (NORMENT). Nine
ealthy participants (mean age = 35.76 years; range = [26.31–59.70];
5% male) were recruited internally and scanned on a 3T GE Discovery
R750 equipped with a 32-channel receive coil in two sessions with a

wo-week interval between sessions. This interval was included to ac-
ount for the influence of intra-subject variability related to day-to-day
ariation. Each participant was scanned at the same time of day across
essions. In each session two pairs of T1w and T2w MRI images were
cquired, with repositioning between each pair, resulting in four T1w
nd four T2w images for each participant per session. 

.1.2. Dataset 2 - The Norwegian centre for mental disorders research - 

eneral electric signa premier (NOR-Premier) 

This dataset was acquired as a continuation of the NOR-MR750
est-retest dataset after a major scanner upgrade to 3T GE SIGNA Pre-
ier equipped with a 48-channel head coil on the same magnet. The
ataset consisted of nine healthy participants (mean age = 35.80 years;
ange = [25.24–60.52]; 55% male) of which eight participants over-
apped with the NOR-MR750 dataset. As with the NOR-MR750 dataset,
 pair of test-retest acquisitions were made in two separate sessions with
 two week interval between sessions. The interval between the first ses-
ion of the NOR-MR750 dataset and the first session of the NOR-Premier
ataset was 9.6 months on average. 
3 
.1.3. Dataset 3 - the Donders centre for cognitive neuroimaging - siemens 

agnetom prisma (Donders) 

Seventeen healthy participants (mean age = 24.7 ± 2.8 years)
ere enroled in a test-retest study at the Donders Centre for Cog-
itive Neuroimaging, Radboud University, Nijmegen, Netherlands
 https://www.ru.nl/donders/ ). Participants were scanned on a 3T
iemens Magnetom Prisma equipped with a 32-channel head coil. Each
articipant was scanned twice with repositioning between each pair of
1w and T2w acquisitions and randomised head fixation either with
ushions only or cushions and a chin-rest. 

.1.4. Dataset 4 - human connectome project - siemens connectom Skyra - 

HCP) 

A subset of 34 participants (mean age = 30.70 years; range = [22–
5]; 29% male) with a scan-rescan interval of less than six months
mean = 3.85 months; range = [2–5]) were selected from test-retest ac-
uisitions included as part of the 1200 Subjects release (S1200 Release,
ebruary 2017) by the WU-Minn Human Connectome Project (HCP)
 Van Essen et al., 2013 ). Participants were recruited as part of the HCP
oung Adult study and were scanned twice on a customised 3T Siemens
onnectom Skyra scanner using a standard 32-channel receive head coil.

.1.5. Ethics statement 

The study was carried out in accordance with the Helsinki Declara-
ion. Participants provided written informed consent at each site and
greed to participation in scientific studies. Each site had ethical ap-
roval from their local ethics committees. Data was handled according
o guidelines set forth by the Norwegian Data Protection Authority in
ompliance with GDPR regulations. 

.2. MRI preprocessing 

All scans were processed in FreeSurfer (version 7.1.0;
ttps://surfer.nmr.mgh.harvard.edu/ ) with both T1w and T2w images
sed as input and the -T2pial flag enabled. Briefly, FreeSurfer segments
ortical and subcortical tissue compartments, and creates surface
eshes representing the boundaries between grey and white matter

WM) and grey matter (GM) and non-brain. For more details on the
reeSurfer processing steps see Fischl (2012). For the HCP dataset, the
reFreeSurfer pipeline had already been used to create an undistorted
tructural image for the subject in native space, perform the initial
rain extraction, coregister T1w and T2w images, perform bias field
orrection using the square of the T1w and T2w images, and transform
he data to MNI space. The PreFreeSurfer pipeline was applied to the
CP dataset for all pipelines due to technical considerations particular

o this dataset, including the application of gradient nonlinearity
istortion in images acquired with oblique slices relative to the scanner

https://www.ru.nl/donders/
https://surfer.nmr.mgh.harvard.edu/


S. Nerland, K.N. Jørgensen, W. Nordhøy et al. NeuroImage 245 (2021) 118709 

c  

t  

r  

a  

g  

o  

i  

d  

p  

e  

(
 

v  

w  

m  

H  

f  

a  

d
 

a  

F  

H  

1  

d  

e  

u  

a  

F  

p  

h  

p  

c

2

 

l  

c  

w  

g  

i  

fi  

r  

N  

(  

c  

t  

t  

m  

t  

a  

o
 

o  

m  

i  

i  

t  

c  

s  

a  

m  

a  

i  

m  

o  

i

2

 

t  

t  

t  

T  

s  

o  

w

2

 

1  

B  

a  

F

2

 

(  

fi  

f  

a  

r

2

 

(  

d  

w  

1  

m  

b  

I  

c

2

 

d  

T  

o  

T  

o  

t  

R  

h  

i
 

(  

d  

(  

t  

s  

3  

s  

K  

t  

v  

p  

s  

(  

v  

d  
oordinate system and the lack of on-scanner B1- correction, following
he recommendations in Glasser et al. (2013) . All images and surface
econstructions were quality controlled by trained research assistants
nd manual editing was performed following standard FreeSurfer
uidelines in the event of surface reconstruction errors. A total number
f 170 T1w/T2w pairs were processed, composed of nine participants
n the NOR-MR750 dataset and nine participants in the NOR-Premier
ataset each scanned four times (scan-rescan in two sessions), 15
articipants in the Donders dataset (after three participants were
xcluded) and 34 participants in the HCP dataset each scanned twice
scan-rescan on the same day and across two sessions respectively). 

For the HCP Minimal Processing Pipeline (HCP-MPP), FreeSurfer
6.0.0 and the PreFreeSurfer, FreeSurfer and PostFreeSurfer pipelines
ere used. The Connectome Workbench was used to map each myelin
ap computed with these pipelines, as well as the previously published
CP Multi-Modal Parcellation (HCP-MMP; Glasser et al., 2016 ) scheme,

rom the FS_LR surface to the standard FreeSurfer fsaverage surfaces
s described on the HCP Wiki ( https://wiki.humanconnectome.org/
ownload/attachments/63078513/Resampling-FreeSurfer-HCP.pdf ). 

For all pipelines, T2w images were rigidly coregistered to T1w im-
ges using bbregister in FreeSurfer with FSL initialisation ( Greve and
ischl, 2009 ). The resolution of the datasets included 0.7 mm for the
CP dataset, 0.8 mm for the Donders and NOR-Premier dataset, and
 mm isotropic voxel resolutions for the NOR-MR750 dataset. In or-
er to facilitate the comparison between the different datasets, and to
nsure that the results would be generalisable to the more commonly
sed 1 mm isotropic voxel resolution in clinical settings, we conformed
ll images to 1 mm prior to FreeSurfer and T1w/T2w-ratio processing.
ollow-up analyses were conducted to assess the effect of downsam-
ling ( Section 2.4.8 ). Throughout, fslmaths and fslstats from FSL (v6.0.4;
ttps://fsl.fmrib.ox.ac.uk/fsl/ ) were used for image operations and pre-
rocessing was done on the TSD (Service for Sensitive Data) computing
luster at the University of Oslo. 

.3. Calculation of T1w/T2w-ratio maps 

We first implemented corrections for partial voluming, surface out-
iers and bias field in nine different pipelines using local and non-linear
orrection methods for computing the T1w/T2w-ratio. Here, the goal
as to assess pipelines on their ability to reproduce the expected re-
ional distributions of the intra-subject T1w/T2w-ratio. These process-
ng pipelines included the raw ratio (T1w/T2w Raw 

), N3 or N4ITK bias
eld correction only (T1w/T2w N3 & T1w/T2w N4 ), partial volume cor-
ection only (T1w/T2w PVC ), surface outlier only (T1w/T2w OC ), N3 or
4ITK bias field correction with partial volume and outlier correction

T1w/T2w N3-All & T1w/T2w N4-All ), and finally the HCP Minimal Pro-
essing Pipeline with (T1w/T2w HCP-BC ) and without (T1w/T2w HCP-Raw 

)
emplate-based bias correction ( Section 2.3.6 ). We qualitatively assessed
he correspondence of T1w/T2w-ratio maps with histological myelin
aps ( Section 2.4.2 ) and computed Spearman rank correlations with

he YA-BC and the YA-B1 + reference datasets ( Sections 2.3.7 and 2.4.3 ),
nd used the Laterality Index ( Section 2.4.6 ) as a measure of the removal
f lateral intensity bias. 

Secondly, in order to assess and improve the test-retest reliability
f the T1w/T2w-ratio, i.e. the consistency between repeated measure-
ents, we evaluated T1w/T2w-ratio maps after applying eight different

ntensity normalisation methods ( Section 2.3.5 ). These intensity normal-
sation methods were applied to the T1w/T2w Raw, T1w/T2w N3-All , and
he T1w/T2w N4-All pipelines. The main outcomes of interest here were
oefficients of variation ( Section 2.4.4 and 2.4.7 ), a standardised mea-
ure of dispersion, and intraclass correlation coefficients ( Section 2.4.5
nd 2.4.7 ) as a measure of the agreement between groups of measure-
ents. It was assumed that true intra-subject scan-rescan differences

re small, and smaller for scan-rescan pairs closer in time, relative to
nter-subject variation which is ideally still present after intensity nor-
alisation. In total, we evaluated 9 + 8 × 3 = 33 separate pipelines. An
4 
verview of the processing pipelines implemented in this study is shown
n Fig. 1 . 

.3.1. Surface projection 

For all processing methods, T1w/T2w-ratio intensities in grey mat-
er were sampled along equivolumetric surfaces at distances of 10%
o 80% of cortical thickness from the white-grey surface created with
he Surface Tools toolbox ( https://github.com/kwagstyl/surface _ tools ).
his toolbox reconstructs intermediary surfaces with improved corre-
pondence with cortical laminae compared to standard sampling meth-
ds ( Waehnert et al., 2014 ). The values of vertices in the medial wall
ere set to zero for all figures and analyses. 

.3.2. Bias field correction 

For bias field correction, we used both N3 bias correction ( Sled et al.,
998 ) and the more recent N4ITK algorithm ( Tustison et al., 2010 ).
oth bias field correction methods were used with a shrink factor of 1
nd masked with the whole-brain segmentation created in the standard
reeSurfer pipeline. 

.3.3. Partial volume correction 

Partial volume correction was performed as described in Shafee
2015) using the implementation included in FreeSurfer. This method
rst calculates the proportion of voxels in an upsampled MR image

alling within the cortical ribbon, i.e. between the reconstructed pial
nd white-grey surfaces, and then inverts systems of linear equations to
ecover the “true ” intensity values adjusted for partial volume effects. 

.3.4. Surface outlier correction 

Surface-based outlier correction was performed as in Glasser et al.
2011). This algorithm calculates, for each vertex, the mean and stan-
ard deviation (SD) of normal-appearing vertex values (only values
ithin 3 SDs of the total mean T1w/T2w-ratio) in a neighbourhood of
0 steps along the surface and replaces values, in vertices exceeding this
ean by more than 2 SDs, with a Gaussian-weighted mean of its neigh-

ours. The algorithm was implemented in MATLAB (The Mathworks,
nc., Massachusetts, USA) using the geodesic toolbox ( Wang, 2021 ) for
omputing distances between vertices. 

.3.5. Intensity normalisation 

To assess the effect of intensity normalisation, we applied eight
ifferent normalisation methods to T1w/T2w-ratio maps from the
1w/T2w Raw 

, T1w/T2w N3-All , and T1w/T2w N4-All processing meth-
ds which were compared to the unnormalised T1w/T2w Raw 

, and
1w/T2w HCP-Raw 

processing methods. All intensity normalisation meth-
ds were based on the implementations in the Intensity Normaliza-
ion toolbox ( https://github.com/jcreinhold/intensity-normalization ;
einhold et al., 2019 ) with more detailed documentation available
ere: https://intensity-normalization.readthedocs.io/ . Intensity normal-
sation was performed on T1w and T2w images separately. 

The eight normalisation methods used in this study were: 1) Z-score
ZS), which subtracts the mean intensity of the skull-stripped image and
ivides by the standard deviation of the same region, 2) Fuzzy C-Means
FCM; Chen and Giger, 2004 ), which determines a three-class segmenta-
ion using fuzzy C-means clustering, and then normalises the image to a
tandard value using the mean of a specified tissue class, in our case GM,
) Gaussian Mixture Model (GMM), which fits a gaussian mixture to the
kull-stripped image and translates the WM mean to a standard value, 4)
ernel Density Estimation (KDE), which uses kernel density estimation

o find the peak of WM intensities and translates this peak to a standard
alue, 5) Nyúl and Udupa (N&U; Nyúl and Udupa, 1999 ), which uses
iecewise linear histogram matching to estimate a transformation that
tandardises the histograms of a population of images, 6) WhiteStripe
WS; Shinohara et al., 2014 ), which identifies normal-appearing WM
oxels, subtracts the mean of this region from the image and finally
ivides the image by its standard deviation, 7) Removal of Artificial

https://wiki.humanconnectome.org/download/attachments/63078513/Resampling-FreeSurfer-HCP.pdf
https://fsl.fmrib.ox.ac.uk/fsl/
https://github.com/kwagstyl/surface_tools
https://github.com/jcreinhold/intensity-normalization
https://intensity-normalization.readthedocs.io/
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Fig. 1. Overview of the processing methods 
implemented in this study. Each box and colour 
on the left corresponds to a step in the pipeline. 
Collections of boxes on the right correspond 
to a pipeline. On the top are the pipelines 
T1w/T2w Raw , T1w/T2w PVC , T1w/T2w OC , 
T1w/T2w N3 , T1w/T2w N4 , T1w/T2w N3-All and 
T1w/T2w N4-All which were primarily assessed 
on their ability to reproduce the expected 
T1w/T2w-ratio distributions. On the bottom 

are the pipelines T1w/T2w Raw , T1w/T2w N3-All , 
and T1w/T2w N4-All with each intensity nor- 
malisation method. T1w/T2w HCP-Raw and 
T1w/T2w HCP-BC were computed in the separate 
HCP Minimal Processing Pipeline and are not 
depicted. 
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oxel Effect by Linear regression (RAVEL; Fortin et al., 2016 ), which
rst uses WhiteStripe and then estimates the unwanted non-biological
ariation from a control region which is then regressed out for each
oxel in the image, and finally 8) Least Squares (LSQ), which minimises
he squared distance between CSF, GM and WM for a population of im-
ges. Of these intensity normalisation methods, N&U, RAVEL, and LSQ
re population-based methods that are applied to a set of images, while
he other methods are used on each image separately. 

.3.6. HCP-MPP T1w/T2w-ratio maps 

The T1w/T2w-ratio maps of the HCP-MPP are calculated in the
ostFreeSurfer pipeline. Briefly, in this pipeline T1w/T2w-ratio val-
es are projected to a midthickness surface as described in Glasser &
an Essen (2011) and individual surfaces are mapped to the population-
verage Conte69 surface. The vertex-wise difference between individual
1w/T2w HCP-Raw 

maps and the average Conte69 map is then smoothed
ith a large kernel and subtracted from the T1w/T2w HCP-Raw 

maps to
reate the T1w/T2w HCP-BC maps. The goal of this procedure is to re-
lace spurious low frequency variation in individual maps with val-
5 
es from the more robust group map. The resulting T1w/T2w HCP-BC 
aps therefore closely match the Conte69 average, having undergone

oth a template-based bias field correction as well as a nonlinear inten-
ity normalisation. This is in contrast to the linear intensity normalisa-
ion methods described in Section 2.3.5 and results in a regional shift
owards the Conte69 template precluding direct inter-subject compar-
sons of T1w/T2w-ratio values. See Glasser & Van Essen (2011) and
lasser et al. (2013) for more details. 

.3.7. Reference T1w/T2w-ratio datasets 

As reference T1w/T2w-ratio datasets, we used two publicly avail-
ble T1w/T2w-ratio datasets from the HCP Young Adult (HCP-YA)
roject acquired using the HCP MRI protocol ( U ğurbil et al., 2013 ;
an Essen et al., 2013 ). The first reference dataset, YA-BC, consists
f T1w/T2w-ratio maps from 210 participants (aged 22–35 years)
nd is available through the HCP-500 data release. These maps were
omputed using the T1w/T2w HCP-BC pipeline and were used, together
ith thickness and fMRI, in the creation of the HCP-MMP parcel-

ation in Glasser et al. (2016) . The dataset is available online at:
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ttps://balsa.wustl.edu/WDpX . The second reference dataset, YA-B1 + ,
onsists of T1w/T2w-ratio maps from 1042 participants (aged 22–35
ears) and is available through the HCP-1200 data release. These maps
ere computed with the T1w/T2w HCP-Raw 

pipeline with the addition of
 new correction procedure, where a separate actual flip angle (AFI)
equence was used to adjust the T1w/T2w-ratio maps for residual
1 + field effects instead of the template-adjustment method used in
he T1w/T2w HCP-BC . For details on this procedure see the preprint by
lasser et al. (2021) . 

For both reference datasets, mean T1w/T2w-ratio values for each
egion of interest (ROI) in the HCP-MMP were extracted directly from
he native FS_LR surface using the Connectome Workbench. For the YA-
1 + dataset, we extracted data corresponding to the group correction
ethod described in the recent preprint by Glasser et al. (2021) . This
ataset is available at: https://balsa.wustl.edu/study/show/mDBP0 . 

.4. Data analysis 

Analyses aimed to answer two main questions: 1) What is the re-
roducibility of regional T1w/T2w-ratio distributions compared to the
xpected distribution from the literature on cortical myelin and can local
nd nonlinear correction factors improve it? 2) What is the test-retest re-
iability of the T1w/T2w-ratio and can intensity normalisation methods
e used to improve it? 

.4.1. Data quality control 

All images were visually inspected prior to analysis to ensure accept-
ble image quality without large image artefacts such as severe ringing
ue to movement, misregistration between the T1w and T2w images, or
nconsistencies in image intensity scale or acquisition parameters. This
esulted in the exclusion of the three first subjects in the Donders dataset
ue to one missing T2w image, one image with ringing artefacts, and
ne image with an intensity range suggestive of acquisition or recon-
truction differences compared to the other images. No other data was
xcluded. 

.4.2. Qualitative assessment of cortical maps 

To qualitatively assess the regional correspondence with known cor-
ical myelin distributions, we created mean T1w/T2w-ratio maps for
ach of the non-intensity normalised processing methods. The corre-
pondence of these mean maps was assessed visually against cortical
yelin maps based on histological staining studies, which we consid-

red to be the gold standard. These maps are based on extensive work
panning the period from 1910 to 1970, later composed to form a map of
he human cortex ( Nieuwenhuys and Broere, 2017 ). We also compared
he mean T1w/T2w-ratio maps to previously published T1w/T2w-ratio
aps of the YA-BC dataset ( Glasser et al., 2016 ) and of the YA-B1 +
here a new adjustment method to account for B1 + field effects has
een applied as described in the recent preprint by Glasser et al. (2021) .
ased on this literature, we located regions known to exhibit high, inter-
ediate, or low cortical myelination. We then assessed the T1w/T2w-

atio maps and reported where the maps diverged from expectations.
riefly, we expected high T1w/T2w-ratio values in primary sensory and
otor regions as well as early association cortices, and lower T1w/T2w-

atio values in higher association cortices and in frontal regions. 
The regions that were expected to exhibit high levels of cortical

yelin were: 1) the motor-somatosensory strip in the central sulcus on
he lateral side and extending into the medial ‘notch’ in the paracen-
ral lobule, 2) the visual cortex in the occipital lobe extending into the
emporal and parietal lobes, and 3) early auditory areas in the Sylvian
ssure and the upper segment of the temporal lobe. Regions where we
xpected intermediate cortical myelin levels were: 1) the inferior pari-
tal cortex, and 2) most of the temporal, prefrontal, cingulate and medial
nd superior parietal cortices. The lowest myelin levels were expected
n: 1) the anterior insula, 2) temporal pole, 3) medial prefrontal cortex,
nd 4) portions of the anterior cingulate cortex. Consensus was reached
6 
y comparing notes on each T1w/T2w-ratio map. For assessments of
he gradients, we examined if the transitions from high-to-intermediate,
igh-to-low and intermediate-to-low myelination matched expectations
s described above. See Nieuwenhuys & Broere (2017) and Glasser &
an Essen (2011) for further information on the distribution of myelin

n the human cerebral cortex. 

.4.3. ROI-wise correlations with reference datasets 

To quantify the correspondence with expected myelin distributions,
e extracted, for each dataset and processing method, mean T1w/T2w-

atio values in 176 ROIs of the HCP Multi-Modal Parcellation (HCP-
MP), where 4 ROIs (H_ROI, EC_ROI, PreS_ROI and RSC_ROI) were ex-

luded for each hemisphere due to their overlapping with the medial
all yielding spurious T1w/T2w-ratio values. The mean values were

alculated across all the T1w/T2w-ratio maps in that dataset, i.e. each
est-retest pair in the HCP and Donders datasets and test-retest pair for
ach of the two sessions in the NOR-MR750 and NOR-Premier datasets.
hey were then used to compute Spearman rank correlations, using the
or.test function from the stats package in R, with mean T1w/T2w-ratio
alues from two reference T1w/T2w-ratio datasets, the YA-BC and YA-
1 + ( Section 2.3.7 ). These datasets were used as references given their
cquisition parameters optimised for T1w/T2w-ratio mapping and high
orrespondence with histology. 

.4.4. Coefficients of variation 

To quantify test-retest reliability, we calculated percentage CVs by
rst calculating vertex-wise CVs which were combined for each partici-
ant using the root-mean-square (RMS) formula in each HCP-MMP ROI
nd for the whole cortex. The ROI and whole-cortex CVs were then com-
ined across individuals to form summary ROI and whole-cortex CVs for
ach processing method and pipeline. To compute the vertex-wise CVs
or each participant we used the formula 

V Vertex , i , j = 

sd 
(
x i , j 

)

mean 
(
x i , j 

)

here x i,j is the set of T1w/T2w-ratio values for the i th subject in the

 

th vertex. For each subject, these were combined for each ROI in the
CP-MMP atlas and for the whole cortical surface to form individual

egional coefficients of variation (CV ROI,i ) and whole-cortex coefficients
f variation (CV Cortex,i ) using the RMS formula as follows 

V ROI , i = 

√ √ √ √ √ 

𝑁 ROI ∑
j=1 

CV 

2 
Vertex , i , j 

𝑁 ROI 

here the sum is over the N ROI vertices in each ROI and the whole
ortex. To combine ROI and whole-cortex coefficients of variation across
ll participants, we used the subject-wise CVs calculated above in the
MS formula 

V ROI = 

√ √ √ √ √ 

𝑁 Subjects ∑
i=1 

CV 

2 
ROI , i 

𝑁 Subjects 

here the sum is taken over all the subjects in each dataset. Here the
MS is used rather than the arithmetic mean, since the mean is a biased
stimator and will tend to underestimate the true test-retest variability
 Glüer et al., 1995 ). Lower CVs indicate higher measurement precision.

.4.5. Intraclass correlation coefficients 

To assess global test-retest variability of the T1w/T2w-ratio distri-
utions, we calculated intraclass correlation coefficients (ICCs) of the
edian of the T1w/T2w-ratio values (ICC Median ), using the icc function

rom the irr package in R. We used the two-way mixed single score ICC,
enoted ICC(A,1) in the classification by McGraw & Wong (1996) . The
edian was used as a more robust descriptor of the global T1w/T2w-

atio distribution. Higher ICCs represent better absolute agreement be-
ween test and retest. 

https://www.balsa.wustl.edu/WDpX
https://www.balsa.wustl.edu/study/show/mDBP0
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.4.6. Laterality indices 

To assess how correction methods, in particular bias field correction,
ffected lateral bias in T1w/T2w-ratio values, we computed average in-
erhemispheric T1w/T2w-ratio differences using the percentage lateral-
ty index (LI) for each of the 180 regions of the HCP-MMP atlas with the
ean laterality index 

I = 

200 
180 

180 ∑
j=1 

RO I j , lh − RO I j , rh 
RO I j , lh + RO I j , rh 

Assuming that inter-hemispheric distributions of cortical myelin is
ot systematically skewed, higher laterality indices indicate the pres-
nce of field bias and successful bias field correction should result in a
ower mean laterality index. 

.4.7. Visualisation of results 

To visualise regional distributions of CV ROI and ICC ROI we created
urface maps based on the HCP-MMP atlas using the fsbrain toolbox in
 ( https://github.com/dfsp-spirit/fsbrain ). For comparison of the test-
etest reliability and laterality indices of each processing method and vi-
ualisation of outlier subjects, we created box plots of the whole-cortex
Vs, median ROI-wise ICCs and mean laterality indices across ROIs for
ach participant grouped by processing method and dataset. To visu-
lise the test-retest reliability and intra-subject variation compared to
nter-subject variation we created ridgeline plots of the T1w/T2w-ratio
istributions for each processing method using the ggridges toolbox in
 ( https://wilkelab.org/ggridges/ ) which are presented in the Supple-
entary Materials. 

.4.8. Follow-up analyses 

Three of the datasets included in this study were comprised of high-
esolution images that were downsampled to 1 mm isotropic to ensure
hat results were generalisable to commonly available datasets. Past
tudies have suggested that the use of high-resolution data is beneficial
or T1w/T2w-ratio mapping ( Glasser and Van Essen, 2011 ). We there-
ore performed follow-up analyses for the NOR-Premier and the HCP
atasets where we assessed the effect of downsampling by running all
nalyses described above for T1w/T2w Raw-Hires , T1w/T2w HCP-Raw-Hires ,
nd T1w/T2wHCP-BC-Hires where we used high-resolution data. The
onders dataset was not included in these analyses, due to the incom-
atibility of the -cw256 flag, which was necessary in this dataset due to
efacing, and the -hires flag of the high-resolution recon-all pipeline. 

In our main analyses, we transformed output from the
1w/T2w HCP-Raw 

and T1w/T2w HCP-BC pipelines from the native
S_LR surface of the HCP-MPP to the native surface of FreeSurfer, fsav-

rage . This transformation could be a source of error, and we therefore
ested its effects by extracting data directly from FS_LR space for the
1w/T2w HCP-Raw 

and T1w/T2w HCP-BC pipelines using Connectome
orkbench and computing ROI-wise correlations with the reference

atasets. 

. Results 

.1. Qualitative assessment of T1w/T2w-ratio maps 

Mean maps for T1w/T2w Raw 

, T1w/T2w N3-All , T1w/T2w N4-All ,
1w/T2w HCP-Raw 

, and T1w/T2w HCP-BC for each dataset are presented
n Fig. 2 . Intensity normalisation and corrections for outliers or par-
ial volume effects did not appreciably influence the T1w/T2w-ratio
aps and these are therefore not depicted or discussed in the quali-

ative assessment. See Supplementary Figures 1–5 for ridgeline plots of
he T1w/T2w-ratio distributions for each processing method. 

.1.1. NOR-MR750 

As expected from histology, high T1w/T2w Raw 

values were seen
n the lateral motor cortex and in the auditory cortex, but the visual
7 
ortex had relatively low values despite this region being known to
e highly myelinated. Some frontal medial regions had relatively high
1w/T2w-ratio values despite these regions being known to be lightly
yelinated. N3 bias correction improved the correspondence with cor-

ical myelin maps, with higher values in the medial occipital lobe but
ith no clearly delineated notch in the paracentral lobule. N4ITK bias

orrection led to an improved correspondence with histology on the
edial side, but parietal and superior frontal regions with spuriously
igh values were observed with unexpectedly high values around Brod-
ann areas 44 and 45. T1w/T2w HCP-Raw 

was similar to T1w/T2w Raw 

,
ith additional smoothing inherent to the HCP Minimal Processing
ipeline. The best correspondence with cortical myelin maps was seen
ith T1w/T2w HCP-BC , where high values were found in the auditory,
otor and visual cortices as expected and a clearly delineated notch
as present in the paracentral lobule. 

.1.2. NOR-Premier 

T1w/T2w Raw 

closely matched histological cortical myelin maps
ith high values in the auditory, motor and visual cortices and low
alues in frontal, temporal and parietal regions. N3 bias correction
nly had a marginal effect on the T1w/T2w-ratio maps, but N4ITK
ias correction introduced spuriously high values especially in frontal
nd parietal regions where cortical myelin content is known to be
ow. T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC gave similar results to
1w/T2w Raw 

and T1w/T2w N3-All with some additional smoothing. 

.1.3. Donders 

T1w/T2w Raw 

values were high in the auditory, visual and motor
ortices as expected, but lightly myelinated frontal and parietal regions
ontained spuriously high T1w/T2w-ratio values. N3 bias correction im-
roved the visual correspondence with histology, but N4ITK bias cor-
ection seemed to further exacerbate the poor correspondence in re-
ions with spuriously high T1w/T2w-ratio values. T1w/T2w HCP-Raw 

and
1w/T2w HCP-BC were similar, but T1w/T2w HCP-BC had a better con-
rast between high and low myelinated regions, with relatively lower
1w/T2w-ratio values in frontal parietal regions in particular, and thus
ave the best results visually. 

.1.4. HCP 

Regional distributions of T1w/T2w Raw 

closely matched histology,
ith the exception of some frontal regions with spuriously high val-
es especially in the left hemisphere. N3 bias correction had only mi-
or effects on the T1w/T2w-ratio, but N4ITK bias correction seemed
o reduce the presence of spuriously high values in frontal regions.
1w/T2w HCP-Raw 

showed excellent correspondence with the expected
ortical myelin distribution, but unexpectedly high values were seen in
 frontal parietal region. This region was attenuated in T1w/T2w HCP-BC ,
hich gave the best results. 

.2. ROI-wise correlations with reference datasets 

See Table 2 for Spearman rank correlations between the YA-BC and
A-B1 + reference datasets for each of the non-intensity normalised pro-
essing methods, and Tables 3–5 for Spearman rank correlations after
ntensity normalisation applied to T1w/T2w Raw 

, T1w/T2w N3-All , and
1w/T2w N4-All respectively. 

.2.1. NOR-MR750 

We found low correspondence with the YA-BC reference for
1w/T2w Raw 

[ 𝜌 = 0.27], T1w/T2w OC [ 𝜌 = 0.27], T1w/T2w PVC [ 𝜌 =
.26], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.23]. This was greatly improved for
1w/T2w N3 [ 𝜌 = 0.70] and T1w/T2w N3-All [ 𝜌 = 0.70], and moderately

mproved for T1w/T2w N4 [ 𝜌 = 0.53] and T1w/T2w N4-All [ 𝜌 = 0.57]. The
est results were seen for T1w/T2w HCP-BC [ 𝜌 = 0.92]. 

We found very low correspondence with the YA-B1 + reference, for
1w/T2w Raw 

[ 𝜌 = − 0.05], T1w/T2w OC [ 𝜌 = − 0.04], T1w/T2w PVC [ 𝜌

https://github.com/dfsp-spirit/fsbrain
https://wilkelab.org/ggridges/
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Fig. 2. Mean T1w/T2w-ratio maps in each dataset for a selection of calculation methods. Partial volume correction and surface outlier correction yielded similar 
maps as the raw processing method. Intensity normalisation after bias correction yielded qualitatively identical maps to those before intensity normalisation and are 
therefore not depicted. Colours were chosen by distributing them at five equally spaced points from the 3rd percentile to the 96th percentile, and were set to black, 
blue, green, yellow and red respectively. 
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 − 0.05], and T1w/T2w HCP-Raw 

[ 𝜌 = − 0.04]. There was a moder-
te improvement for T1w/T2w N3 [ 𝜌 = 0.36] and T1w/T2w N3-All [ 𝜌 =
.36]. The highest correlations were seen for T1w/T2w N4 [ 𝜌 = 0.66],
1w/T2w N4-All [ 𝜌 = 0.70], and T1w/T2w HCP-BC [ 𝜌 = 0.77]. 

Intensity normalisation did not strongly affect rank correlations with
he YA-BC and the YA-B1 + reference datasets (see Tables 3-5 ). 

.2.2. NOR-Premier 

In the NOR-Premier dataset, we found high correlations with the
A-BC reference for T1w/T2w Raw 

[ 𝜌 = 0.89], T1w/T2w OC [ 𝜌 = 0.89],
1w/T2w PVC [ 𝜌 = 0.89], T1w/T2w N3 [ 𝜌 = 0.86], T1w/T2w N3-All 
 𝜌 = 0.86], T1w/T2w HCP-Raw 

[ 𝜌 = 0.90], and T1w/T2w HCP-BC [ 𝜌 =
.92]. Lower correlations were seen with T1w/T2w N4 [ 𝜌 = 0.56] and
1w/T2w N4-All [ 𝜌 = 0.56]. 

We found high correlations with the YA-B1 + reference for
1w/T2w Raw 

[ 𝜌 = 0.86], T1w/T2w OC [ 𝜌 = 0.87], T1w/T2w PVC [ 𝜌 =
.86], T1w/T2w HCP-BC [ 𝜌 = 0.88], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.90].
orrelations were marginally lower for T1w/T2w N3 [ 𝜌 = 0.81] and
1w/T2w N3-All [ 𝜌 = 0.82]. The lowest correlations were observed for
1w/T2w N4 [ 𝜌 = 0.73] and T1w/T2w N4-All [ 𝜌 = 0.73]. 

Intensity normalisation did not greatly affect correlations with the
eference datasets, with the exception of ZS which decreased the cor-
elations with the YA-B1 + reference to 𝜌 = 0.77 when applied to
1w/T2w Raw 

. 
8 
.2.3. Donders 

In the Donders dataset, high correlations with the YA-BC refer-
nce were seen for T1w/T2w Raw 

[ 𝜌 = 0.80], T1w/T2w OC [ 𝜌 = 0.80],
1w/T2w PVC [ 𝜌 = 0.80], T1w/T2w N3 [ 𝜌 = 0.76], T1w/T2w N3-All [ 𝜌 =
.76], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.79]. Lower correlations were seen
ith T1w/T2w N4 [ 𝜌 = 0.31] and T1w/T2w N4-All [ 𝜌 = 0.46]. The best

esults were seen with T1w/T2w HCP-BC [ 𝜌 = 0.96]. 
We found high correlations with the YA-B1 + reference for

1w/T2w Raw 

[ 𝜌 = 0.96], T1w/T2w OC [ 𝜌 = 0.96], T1w/T2w PVC [ 𝜌 =
.96], T1w/T2w HCP-BC [ 𝜌 = 0.91], and T1w/T2w HCP-Raw 

[ 𝜌 = 0.97]. Cor-
elations were lower for T1w/T2w N3 [ 𝜌 = 0.86] and T1w/T2w N3-All [ 𝜌
 0.87]. The lowest correlations were observed for T1w/T2w N4 [ 𝜌 =
.44] and T1w/T2w N4-All [ 𝜌 = 0.63]. 

Intensity normalisation did not greatly affect correlations with the
eference datasets, with the exception of RAVEL and GMM which de-
reased the correlations with the YA-BC reference to 𝜌 = 0.68 and 𝜌 =
.18 respectively when applied to T1w/T2w Raw 

. 

.2.4. HCP 

In the HCP dataset, high correlations with the YA-BC reference
ere seen for T1w/T2w Raw 

[ 𝜌 = 0.90], T1w/T2w OC [ 𝜌 = 0.89],
1w/T2w PVC [ 𝜌 = 0.90], T1w/T2w N3 [ 𝜌 = 0.92], T1w/T2w N3-All [ 𝜌 =
.91], T1w/T2w HCP-Raw 

[ 𝜌 = 0.93], and T1w/T2w HCP-BC [ 𝜌 = 0.97].
he lowest correlations were seen for T1w/T2w N4 [ 𝜌 = 0.71] and
1w/T2w N4-All [ 𝜌 = 0.71]. 
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Table 2 

Summary statistics for processing methods without intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of varia- 
tion, intraclass correlation coefficients for median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and 
Spearman rank correlations with the YA-BC and YA-B1 + reference datasets. 

Raw PVC only OC only N3 only N3-All N4 only N4-All HCP-Raw HCP-BC 

Mean T1w/T2w-ratio NOR-MR750 1.37 1.36 1.37 1.44 1.43 2.75 1.49 2.02 1.30 
NOR-Premier 1.97 1.96 1.97 2.13 2.11 1.98 2.17 3.20 1.29 

DONDERS 1.38 1.37 1.38 1.48 1.47 2.53 1.57 2.55 1.29 
HCP 1.25 1.24 1.24 1.30 1.29 1.53 1.52 1.81 1.30 

Total (Mean) 1.49 1.48 1.49 1.59 1.57 2.20 1.68 2.39 1.30 

Cofficient of variation (%) NOR-MR750 12.30 12.33 12.00 12.14 11.84 14.32 13.96 6.93 6.61 
NOR-Premier 8.82 8.84 8.45 8.69 8.33 9.25 8.88 6.23 8.48 

DONDERS 8.56 8.55 8.18 8.05 7.65 9.42 9.05 6.59 6.73 
HCP 10.41 10.45 10.11 10.17 9.88 10.70 10.43 4.88 4.32 

Total (RMS) 10.13 10.15 9.80 9.89 9.56 11.11 10.78 6.20 6.70 

Intraclass correlation coefficient NOR-MR750 0.13 0.13 0.13 0.17 0.17 0.26 0.26 0.31 0.41 
NOR-Premier 0.90 0.90 0.90 0.93 0.93 0.93 0.93 0.59 0.54 

DONDERS 0.57 0.57 0.57 0.61 0.62 0.27 0.27 0.14 0.67 
HCP 0.73 0.73 0.73 0.73 0.73 0.74 0.74 0.69 0.55 

Total (Mean) 0.58 0.58 0.58 0.61 0.61 0.55 0.55 0.43 0.54 

Laterality Index (%) NOR-MR750 8.80 8.83 8.82 − 0.20 − 0.13 0.90 1.01 9.59 − 0.03 
NOR-Premier 1.93 1.91 1.92 0.03 0.00 0.11 0.05 1.92 − 0.10 

DONDERS 0.36 0.34 0.41 0.07 0.09 − 0.50 − 0.43 0.65 − 0.11 
HCP − 0.14 − 0.13 0.02 − 0.41 − 0.25 − 0.27 − 0.11 0.14 − 0.22 

Total (RMS) 4.51 4.52 4.52 0.23 0.15 0.54 0.55 4.90 0.13 

Correlation with YA-BC NOR-MR750 0.27 0.26 0.27 0.70 0.70 0.53 0.57 0.23 0.92 
NOR-Premier 0.89 0.89 0.89 0.86 0.86 0.56 0.56 0.90 0.92 

DONDERS 0.80 0.80 0.80 0.76 0.76 0.31 0.46 0.79 0.96 
HCP 0.90 0.90 0.89 0.92 0.91 0.71 0.71 0.93 0.97 

Total (Mean) 0.71 0.71 0.71 0.81 0.81 0.53 0.58 0.71 0.94 

Correlation with YA-B1 + NOR-MR750 − 0.05 − 0.05 − 0.04 0.36 0.36 0.66 0.70 − 0.04 0.77 
NOR-Premier 0.86 0.86 0.87 0.81 0.82 0.73 0.73 0.90 0.88 

DONDERS 0.96 0.96 0.96 0.86 0.87 0.44 0.63 0.97 0.91 
HCP 0.72 0.72 0.72 0.79 0.80 0.80 0.82 0.77 0.88 

Total (Mean) 0.62 0.62 0.63 0.71 0.71 0.66 0.72 0.65 0.86 
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We found high correlations with the YA-B1 + reference for
1w/T2w N3-All [ 𝜌 = 0.77], T1w/T2w N3 [ 𝜌 = 0.79], T1w/T2w N3-All 
 𝜌 = 0.80], T1w/T2w N4 [ 𝜌 = 0.80], T1w/T2w N4-All [ 𝜌 = 0.82], and
1w/T2w HCP-BC [ 𝜌 = 0.88]. The lowest correlations were observed for
1w/T2w Raw 

[ 𝜌 = 0.72], T1w/T2w OC [ 𝜌 = 0.72], and T1w/T2w PVC [ 𝜌
 0.72]. 

Intensity normalisation did not strongly affect rank correlations with
he YA-BC reference (see Tables 3-5 ). 

.3. Whole-cortex coefficients of variation 

See Table 2 for whole-cortex coefficients of variation, CV Cortex ,
or each processing method without intensity normalisation grouped
y dataset, and Tables 3-5 for CV Cortex after intensity normalisation
or T1w/T2w Raw 

, T1w/T2w N3-All , and T1w/T2w N4-All respectively. See
ig. 4 for box plots of subject-wise CV Cortex for each processing method.

.3.1. NOR-MR750 

Total whole-cortex CVs were high in the NOR-MR750 dataset
or all the non-normalised processing methods, T1w/T2w Raw 

CV Cortex = 12.30%], T1w/T2w PVC [CV Cortex = 12.33%], T1w/T2w OC 
CV Cortex = 12.00%], T1w/T2w N3 [CV Cortex = 12.14%], and
1w/T2w N3-All [CV Cortex = 11.84%]. Whole-cortex CVs were higher
ith N4ITK bias correction; T1w/T2w N4 [CV Cortex = 14.32%] and
1w/T2w N4-All [CV Cortex = 13.96%]. The lowest CVs were seen
ith T1w/T2w HCP-Raw 

[CV Cortex = 6.93%] and T1w/T2w HCP-BC 
CV Cortex = 6.61%]. 

.3.2. NOR-Premier 

For the NOR-Premier dataset, whole-cortex CVs were lower than
n the NOR-MR750 and HCP datasets and similar to those of the
9 
onders dataset, with T1w/T2w Raw 

[CV Cortex = 8.82%], T1w/T2w PVC 
CV Cortex = 8.84%], T1w/T2w OC [CV Cortex = 8.45%], T1w/T2w N3 
CV Cortex = 8.69%], T1w/T2w N3-All [CV Cortex = 8.33%], T1w/T2w N4-All 
CV Cortex = 8.88%], and T1w/T2w HCP-BC [CV Cortex = 8.48%]. Whole-
ortex CVs were the highest with N4ITK bias correction only;
1w/T2w N4 [CV Cortex = 9.25%] and the lowest with T1w/T2w HCP-Raw 

CV Cortex = 6.23%]. 

.3.3. Donders 

For the Donders dataset the total whole-cortex CVs were
verall lower than in the NOR-MR750 and HCP datasets, with
1w/T2w Raw 

[CV Cortex = 8.56%], T1w/T2w PVC [CV Cortex = 8.55%],
1w/T2w OC [CV Cortex = 8.18%], T1w/T2w N3 [CV Cortex = 8.05%],
nd T1w/T2w N3-All [CV Cortex = 7.65%]. Whole-cortex CVs were the
ighest with N4ITK bias correction; T1w/T2w N4 [CV Cortex = 9.42%]
nd T1w/T2w N4-All [CV Cortex = 9.05%]. The lowest CVs were
een with T1w/T2w HCP-Raw 

[CV Cortex = 6.59%] and T1w/T2w HCP-BC 
CV Cortex = 6.73%]. 

.3.4. HCP 

In the HCP dataset, total whole-cortex CVs were similar across
ost of the non-intensity normalised processing methods, with
1w/T2w Raw 

[CV Cortex = 10.41%], T1w/T2w PVC [CV Cortex = 10.45%],
1w/T2w OC [CV Cortex = 10.11%], T1w/T2w N3 [CV Cortex = 10.17%],
1w/T2w N3-All [CV Cortex = 9.88%], T1w/T2w N4 [CV Cortex = 10.70%],
nd T1w/T2w N4-All [CV Cortex = 10.43%]. Similar to the other datasets,
he lowest CVs were seen with T1w/T2w HCP-Raw 

[CV Cortex = 4.88%] and
1w/T2w HCP-BC [CV Cortex = 4.32%]. 

.3.5. Intensity normalisation 

For intensity normalisation with the raw processing method,
he greatest improvement of CV Cortex across datasets compared to
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Table 3 

Summary statistics for T1w/T2w Raw after intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of variation, intraclass correlation 
coefficients for the median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with the 
YA-BC and YA-B1 + reference datasets. 

Raw - FCM Raw - GMM Raw - KDE Raw - LSQ Raw - N&U Raw - RAVEL Raw - WS Raw - ZS 

Mean T1w/T2w-ratio NOR-MR750 0.53 0.58 0.57 0.94 0.69 0.84 0.84 0.97 
NOR-Premier 0.57 0.62 0.59 0.91 2.04 0.84 0.84 0.97 

DONDERS 0.59 0.60 0.69 0.79 1.41 0.87 0.86 0.97 
HCP 0.49 0.52 0.52 0.83 1.27 0.80 0.80 0.96 

Total (Mean) 0.55 0.58 0.59 0.87 1.35 0.84 0.83 0.97 

Cofficient of variation (%) NOR-MR750 8.32 8.29 8.48 8.35 17.83 5.94 6.04 5.61 
NOR-Premier 7.90 7.88 7.96 8.02 9.89 5.96 5.91 5.59 

DONDERS 7.47 7.80 10.64 7.43 13.21 5.40 5.50 4.52 
HCP 7.28 7.21 10.25 7.36 14.65 5.37 6.18 4.96 

Total (RMS) 7.75 7.81 9.40 7.80 14.18 5.68 5.91 5.19 

Intraclass correlation coefficient NOR-MR750 0.94 0.96 0.87 0.99 0.78 0.51 0.66 0.98 
NOR-Premier 0.91 0.93 0.89 0.99 0.97 0.76 0.69 0.97 

DONDERS 0.77 0.64 0.78 0.96 0.51 0.82 0.83 0.93 
HCP 0.86 0.88 0.53 0.96 0.85 0.51 0.40 0.93 

Total (Mean) 0.87 0.86 0.77 0.97 0.78 0.65 0.65 0.96 

Laterality Index (%) NOR-MR750 8.80 8.80 8.80 8.80 8.78 2.28 2.28 1.27 
NOR-Premier 1.93 1.93 1.93 1.93 1.92 0.64 0.64 0.36 

DONDERS 0.36 0.36 0.36 0.36 0.29 0.23 0.32 0.32 
HCP − 0.14 − 0.07 − 0.14 − 0.14 − 0.15 − 0.01 0.01 − 0.01 

Total (RMS) 4.51 4.51 4.51 4.51 4.49 1.19 1.20 0.68 

Correlation with YA-BC NOR-MR750 0.28 0.28 0.27 0.28 0.25 0.27 0.29 0.27 
NOR-Premier 0.88 0.88 0.88 0.89 0.89 0.86 0.90 0.87 

DONDERS 0.80 0.18 0.80 0.80 0.77 0.68 0.83 0.88 
HCP 0.90 0.90 0.90 0.90 0.89 0.88 0.89 0.88 

Total (Mean) 0.71 0.56 0.71 0.72 0.70 0.67 0.73 0.73 

Correlation with YA-B1 + NOR-MR750 − 0.04 − 0.04 − 0.04 − 0.03 − 0.06 − 0.04 − 0.02 − 0.05 
NOR-Premier 0.88 0.88 0.88 0.87 0.87 0.88 0.88 0.77 

DONDERS 0.96 0.96 0.96 0.96 0.95 0.87 0.96 0.92 
HCP 0.72 0.72 0.72 0.72 0.71 0.71 0.73 0.72 

Total (Mean) 0.63 0.63 0.63 0.63 0.62 0.61 0.64 0.59 
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1w/T2w Raw 

[CV Cortex = 10.13%] was seen after intensity normalisa-
ion with WhiteStripe [CV Cortex = 5.91%], RAVEL [CV Cortex = 5.68%],
nd Z-Score [CV Cortex = 5.19%]. For the other five intensity normalisa-
ion methods, some resulted in improvements while others made CVs
orse with CV Cortex ranging from 7.80% to 14.18% after intensity nor-
alisation. 

The best results for the N3-All processing method after intensity nor-
alisation as compared with T1w/T2w N3-All [CV Cortex = 9.56%] were

een with WhiteStripe [CV Cortex = 5.42%], RAVEL [CV Cortex = 5.46%],
nd Z-Score [CV Cortex = 5.17%]. Similarly, the best results for
he N4-All processing method after intensity normalisation as com-
ared with T1w/T2w N4-All [CV Cortex = 10.78%] were seen with
hiteStripe [CV Cortex = 5.45%], RAVEL [CV Cortex = 5.57%], and Z-Score

CV Cortex = 5.17%]. 

.4. Regional coefficients of variation maps 

See Fig. 3 for CV ROI for a selection of processing methods. Regional
aps of CV ROI for the HCP-MMP atlas, showed that the regions with

he greatest CV ROI tended to be located in the motor cortex across all
atasets and in the occipital lobe for the NOR-Premier, Donders, and
he HCP dataset. N3 bias correction lowered CV ROI in the occipital
obes in the NOR-Premier and the HCP datasets. Occipital lobe CV ROI 
emained high for T1w/T2w HCP-BC especially for the NOR-Premier and
CP datasets. For the Donders dataset, some frontal regions also showed

elatively high CV ROI particularly with T1w/T2w HCP-Raw 

. Some regions
n the rostral anterior cingulate showed high CV ROI across multiple
atasets and processing methods. This was likely caused by unstable par-
ellation performance in this region due to the proximity to the medial
all. See Supplementary Figure 6–9 for CV ROI maps for T1w/T2w N3-All 
nd T1w/T2w N4-All after intensity normalisation. 
10 
.5. Intraclass correlation coefficients 

Intraclass correlation coefficients for whole-cortex median
1w/T2w-ratio values were in general low for the NOR-MR750 dataset
ithout intensity normalisation, ranging from 0.13 for T1w/T2w Raw 

o 0.41 for T1w/T2w HCP-BC . For the NOR-Premier dataset, ICC Median 
as high for all pipelines with a range of 0.90 to 0.93 except for
1w/T2w HCP-Raw 

and T1w/T2w HCP-BC with an ICC Median of 0.59 and
.54 respectively. For the Donders dataset, ICC Median ranged from 0.67
or T1w/T2w HCP-BC to 0.14 for T1w/T2w HCP-Raw 

. For the HCP dataset,
CC Median ranged from 0.55 for T1w/T2w HCP-BC to 0.74 for T1w/T2w N4 
nd T1w/T2w N4-All . 

After intensity normalisation with both the Raw, N3-All, and N4-All
rocessing methods, ICC Median improved the most with Least-Squares
nd Z-Score normalisation. For N3-All with Nyúl & Udupa normalisa-
ion, ICC Median was also high for NOR-Premier [ICC Median = 0.98], NOR-
R750 [ICC Median = 0.86] and HCP [ICC Median = 0.89], but lower for
onders [ICC Median = 0.49]. For N4-All with Nyúl & Udupa normalisa-

ion, ICC Median was high for all four datasets. See Tables 2-5 for median
CCs for each dataset and processing method and Fig. 5 for box plots of
CCs of mean T1w/T2w-ratio values in each ROI of the HCP-MMP atlas.
ee Supplementary Figures 10–14 for regional ICCs of mean T1w/T2w-
atio values in each ROI of the HCP-MMP atlas. 

.6. Laterality indices 

Laterality indices showed large left-right differences for the raw
rocessing method for the NOR-MR750 dataset with T1w/T2w Raw 

LI = 8.80%] compared to the NOR-Premier dataset with T1w/T2w Raw 

LI = 1.93%], the Donders dataset with T1w/T2w Raw 

[LI = 0.36%],
nd the HCP dataset with T1w/T2w Raw 

[LI = − 0.14%], indicating
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Table 4 

Summary statistics for T1w/T2w N3-All after intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of variation, intraclass correlation 
coefficients for median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with the YA-BC 
and YA-B1 + reference datasets. 

N3-All - FCM N3-All - GMM N3-All - KDE N3-All - LSQ N3-All - N&U N3-All - RAVEL N3-All - WS N3-All - ZS 

Mean T1w/T2w-ratio NOR-MR750 0.54 0.59 0.57 0.94 1.24 0.84 0.85 0.97 
NOR-Premier 0.57 0.62 0.60 0.88 1.96 0.85 0.85 0.97 

DONDERS 0.58 0.60 0.71 0.80 1.43 0.88 0.87 0.96 
HCP 0.49 0.52 0.52 0.81 1.26 0.81 0.81 0.96 

Total (Mean) 0.54 0.58 0.60 0.86 1.47 0.85 0.84 0.97 

Cofficient of variation (%) NOR-MR750 7.61 7.60 7.68 7.66 15.42 5.83 5.78 5.59 
NOR-Premier 7.30 7.30 7.40 7.54 8.71 5.91 5.74 5.58 

DONDERS 6.53 6.74 9.63 6.74 13.66 4.92 4.91 4.50 
HCP 6.53 6.46 6.52 6.55 12.22 5.10 5.19 4.95 

Total (RMS) 7.01 7.04 7.89 7.14 12.74 5.46 5.42 5.17 

Intraclass correlation coefficient NOR-MR750 0.95 0.97 0.93 0.99 0.86 0.65 0.78 0.99 
NOR-Premier 0.94 0.97 0.92 0.99 0.98 0.85 0.88 0.99 

DONDERS 0.75 0.70 0.79 0.95 0.49 0.84 0.84 0.96 
HCP 0.88 0.90 0.99 0.98 0.89 0.94 0.93 0.96 

Total (Mean) 0.88 0.89 0.91 0.98 0.80 0.82 0.86 0.97 

Laterality Index (%) NOR-MR750 − 0.13 − 0.13 − 0.13 − 0.13 − 0.10 − 0.17 − 0.15 − 0.02 
NOR-Premier 0.00 0.00 0.00 0.00 0.02 − 0.06 0.00 0.01 

DONDERS 0.09 0.09 0.09 0.09 0.11 0.05 − 0.05 − 0.04 
HCP − 0.25 − 0.24 − 0.25 − 0.25 − 0.26 − 0.10 − 0.08 − 0.05 

Total (RMS) 0.15 0.14 0.15 0.15 0.15 0.11 0.09 0.03 

Correlation with YA-BC NOR-MR750 0.70 0.70 0.70 0.71 0.69 0.71 0.70 0.69 
NOR-Premier 0.85 0.85 0.85 0.86 0.85 0.74 0.84 0.85 

DONDERS 0.76 0.76 0.76 0.76 0.75 0.60 0.78 0.77 
HCP 0.91 0.91 0.91 0.91 0.91 0.90 0.91 0.91 

Total (Mean) 0.81 0.81 0.81 0.81 0.80 0.74 0.81 0.80 

Correlation with YA-B1 + NOR-MR750 0.37 0.37 0.37 0.37 0.35 0.38 0.36 0.35 
NOR-Premier 0.82 0.82 0.82 0.82 0.81 0.74 0.82 0.76 

DONDERS 0.87 0.87 0.87 0.87 0.86 0.72 0.85 0.85 
HCP 0.80 0.80 0.80 0.80 0.80 0.78 0.81 0.80 

Total (Mean) 0.71 0.71 0.71 0.72 0.71 0.65 0.71 0.69 
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arge interhemispheric intensity bias in the NOR-MR750 dataset. Sim-
larly, large laterality indices were seen in the NOR-MR750 dataset
or T1w/T2w PVC , T1w/T2w OC , and T1w/T2w HCP-Raw 

. Bias field correc-
ion had marginal effects on the laterality indices of the NOR-Premier,
onders, and HCP datasets, but reduced those of the NOR-MR750
ataset with T1w/T2w N3 [LI = − 0.20%], T1w/T2w N3-All [LI = − 0.13%],
1w/T2w N4 [LI = 0.90%], and T1w/T2w N4-All [LI = 1.01%]. Similarly,
1w/T2w HCP-BC decreased the laterality index to − 0.03% for the NOR-
R750 dataset. 

After intensity normalisation in the NOR-MR750 dataset using
he Raw processing method, laterality indices decrased with RAVEL
LI = 2.28%], WhiteStripe [LI = 2.28%] and Z-Score [LI = 1.27%]. Oth-
rwise laterality indices were only marginally affected by intensity nor-
alisation using the Raw and N3-All processing methods. See Fig. 6 for

ox plots of per-subject laterality indices for processing method grouped
y dataset. 

.7. Follow-up analyses 

.7.1. Analyses on high-resolution data 

Spearman rank correlations with the reference datasets, ICC Median ,
nd laterality indices were similar to those observed in the main
nalyses on downsampled data for both the NOR-Premier and
CP datasets. Whole-cortex coefficients of variation, CV Cortex were

ower across datasets for T1w/T2w Raw-Hires [CV Cortex = 7.02%] and
1w/T2w HCP-Raw-Hires [CV Cortex = 4.71%], but higher for T1w/T2wHCP-
C-Hires [CV Cortex = 9.98%]. The high CV Cortex for T1w/T2wHCP-BC-
ires was driven by the NOR-Premier dataset which had a CV Cortex of
3.60%. See Supplementary Table 1 for details. 
11 
.7.2. Extraction directly from FS_LR space 

Extracting ROI-wise T1w/T2w-ratio data directly from FS_LR space
or T1w/T2w HCP-Raw 

and T1w/T2w HCP-BC had only marginal effects on
he Spearman rank correlations with the reference datasets, with coef-
cients differing by less than 0.01 for all datasets. See Supplementary
able 2 for the results for each processing method and dataset. 

. Discussion 

Two key findings emerged from our investigation. First, the perfor-
ance of the T1w/T2w-ratio in faithfully reproducing myeloarchitec-

onic maps is highly variable across sites and processing pipelines but
an in some cases be improved with bias correction. For example, we
ound that for the NOR-MR750 dataset, for which reproducibility was
nitially low, the correlation with the YA-BC reference improved from
.27 for T1w/T2w Raw 

to 0.70 after data-driven N3 bias correction and
o 0.92 with the template-adjusted HCP-BC pipeline. Similarly, in this
ataset we found an increase in the correlation with the B1 + corrected
A-B1 + dataset from − 0.05 to 0.66 after data-driven N4ITK bias correc-
ion and to 0.77 with the template-adjusted HCP-BC pipeline. The sec-
nd main finding was that although the test-retest reliability of the raw
1w/T2w-ratio is poor, large improvements to reliability were achieved
ith the use of some intensity normalisation methods, whereas other
ethods resulted in lower test-retest reliability. 

The poor reproducibility of regional distributions seen for some
atasets and processing pipelines can be an obstacle to for the myeloar-
hitectonic parcellation of the cerebral cortex if not sufficiently ac-
ounted for, for example using N4ITK bias correction or the template-
ased correction method in the HCP-MPP pipeline. This is likely caused
y B1 + field inhomogeneities that are not cancelled when taking the ra-
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Table 5 

Summary statistics for T1w/T2w N4-All after intensity normalisation, including mean T1w/T2w-ratio values, percentage coefficients of variation, intraclass correlation 
coefficients for median T1w/T2w-ratio value, whole-cortex percentage laterality indices averaged across individuals, and Spearman rank correlations with the YA-BC 
and YA-B1 + reference datasets. 

N4-All -FCM N4-All -GMM N4-All -KDE N4-All - LSQ N4-All - N&U N4-All - RAVEL N4-All - WS N4-All - ZS 

Mean T1w/T2w-ratio NOR-MR750 0.60 0.66 0.64 1.09 3.08 0.85 0.85 0.97 
NOR-Premier 0.60 0.67 0.65 0.91 2.26 0.84 0.85 0.97 

DONDERS 0.60 0.62 0.77 0.82 1.67 0.88 0.87 0.96 
HCP 0.52 0.54 0.57 0.86 1.60 0.81 0.81 0.96 

Total (Mean) 0.58 0.62 0.65 0.92 2.15 0.85 0.85 0.97 

Cofficient of variation (%) NOR-MR750 7.59 7.60 7.72 7.77 15.73 6.20 5.85 5.59 
NOR-Premier 7.23 7.32 7.55 7.95 9.11 5.92 5.79 5.58 

DONDERS 6.26 6.52 7.09 6.59 10.88 4.90 4.75 4.50 
HCP 6.40 6.49 8.54 6.71 10.80 5.17 5.35 4.95 

Total (RMS) 6.89 7.00 7.74 7.28 11.89 5.57 5.45 5.17 

Intraclass correlation coefficient NOR-MR750 0.91 0.88 0.69 0.98 0.94 0.71 0.81 0.99 
NOR-Premier 0.94 0.92 0.78 0.98 0.97 0.76 0.86 0.99 

DONDERS 0.89 0.80 0.87 0.95 0.93 0.83 0.90 0.97 
HCP 0.89 0.86 0.85 0.96 0.96 0.83 0.86 0.96 

Total (Mean) 0.91 0.86 0.80 0.97 0.95 0.78 0.86 0.98 

Laterality Index (%) NOR-MR750 1.03 1.03 1.03 1.03 1.35 0.15 0.23 0.17 
NOR-Premier 0.07 0.07 0.07 0.07 0.09 0.00 0.04 0.03 

DONDERS − 0.38 − 0.38 − 0.38 − 0.38 − 0.81 − 0.15 − 0.11 − 0.09 
HCP − 0.12 − 0.11 − 0.12 − 0.12 − 0.16 − 0.12 − 0.05 − 0.04 

Total (RMS) 0.55 0.55 0.55 0.55 0.79 0.12 0.13 0.10 

Correlation with YA-BC NOR-MR750 0.58 0.58 0.58 0.58 0.49 0.46 0.56 0.61 
NOR-Premier 0.57 0.57 0.57 0.57 0.56 0.54 0.58 0.62 

DONDERS 0.47 0.47 0.47 0.47 0.46 0.35 0.51 0.49 
HCP 0.71 0.71 0.71 0.71 0.69 0.72 0.72 0.72 

Total (Mean) 0.58 0.58 0.58 0.58 0.55 0.52 0.59 0.61 

Correlation with YA-B1 + NOR-MR750 0.70 0.70 0.70 0.71 0.65 0.60 0.69 0.69 
NOR-Premier 0.73 0.73 0.73 0.74 0.72 0.70 0.74 0.74 

DONDERS 0.63 0.63 0.63 0.63 0.60 0.50 0.66 0.65 
HCP 0.82 0.82 0.82 0.82 0.78 0.77 0.82 0.82 

Total (Mean) 0.72 0.72 0.72 0.72 0.69 0.64 0.73 0.72 
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io. In these cases, N4ITK bias correction improves the correspondence
ith the B1 + adjusted reference dataset. Based on this, we propose that

tudies on the T1w/T2w-ratio should as a first step calculate correlations
etween the data and well-validated cortical myelin maps from the liter-
ture. We also recommend the use of on-scanner B1- field correction and
edicated sequences to calculate B1 + field maps in order to account for
oth receive and transmit field inhomogeneities. In the event that field
aps are not available, our findings suggest that residual field inho-
ogeneities can be attenuated with data-driven bias correction where
4ITK bias correction is associated with the highest correspondence to
1 + adjusted reference data. However, care must be taken since bias
orrection can also reduce correspondence with the expected regional
istributions depending on the intensity inhomogeneity profile of the
ataset. 

Low test-retest reliability is an obstacle for studies investigating
roup differences in the T1w/T2w-ratio or its associations with vari-
bles of interest. Some intensity normalisation methods improved test-
etest reliability considerably, but others had a marginal effect and some
ven had the paradoxical effect of lowering reliability. Our results sug-
est that the best performance is given by the WhiteStripe and Z-score
ntensity normalisation methods. 

.1. The role of data acquisition: scanner and sequence 

The best results were seen with the MPRAGE pulse sequence (NOR-
remier, Donders, HCP), independently of scanner vendor. This could
ndicate that MPRAGE is better suited than the BRAVO pulse sequence
or cortical T1w/T2w-ratio mapping. Even so, by means of bias field cor-
ection and intensity normalisation, it was possible to achieve improved
eproducibility of myeloarchitectonic distributions and test-retest relia-
ility with BRAVO (NOR-MR750). As such, researchers using a different
12 
1-weighted sequence than MPRAGE may achieve good T1w/T2w-ratio
esults with the use of appropriate post-hoc corrections in the processing
ipeline. 

.2. Bias field correction 

Given the susceptibility of the T1w/T2w-ratio to nonlinear field
nhomogeneities, particularly those associated with the B1 + field,
 Glasser et al., 2021 ; Glasser and Van Essen, 2011 ), we expected bias
eld correction to be one of the most influential correction factors. In

ine with this expectation, we found a major improvement in the cor-
espondence between the NOR-MR750 dataset and the YA-BC dataset
fter N3 bias correction and a similar improvement in the correlation
ith the B1 + corrected YA-B1 + dataset after N4ITK bias correction.
s the same type of on-scanner B1- field correction was performed in

he NOR-MR750 dataset as for the NOR-Premier dataset, we ascribe
hese improvements to the reduction of field inhomogeneities caused
y the B1 + field. However, we only saw minor improvements in the
CP dataset and in the NOR-Premier and Donders datasets the corre-

pondence worsened with bias correction. This may indicate less initial
eld inhomogeneity due to scanner hardware differences or more effec-
ive field inhomogeneity correction at the image reconstruction stage in
hese datasets. 

We found a greater improvement in the correlation between the
OR-MR750 dataset and the YA-BC reference after bias correction with
3 rather than N4ITK. For correlations with the new B1 + adjusted YA-
1 + reference, however, we found a greater improvement with N4ITK
ias correction in the NOR-MR750 dataset. We observed moderately
ncreased correlations between the HCP dataset and the YA-B1 + refer-
nce after both N3 and N4ITK bias correction, but for the other datasets
oth N3 and N4ITK bias correction lowered correlations. Given that the
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Fig. 3. CVs in each ROI of the HCP-MMP atlas for a selection of calculation methods without intensity normalisation. 
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A-B1 + reference has been corrected for intensity inhomogeneities at-
ributable to the B1 + field, we conclude that N4ITK bias correction pro-
ides the best data-driven bias correction approach of the two when
esidual field bias is present in the data. However, we caution against
he use of either N3 or N4ITK bias correction in datasets with less inten-
ity inhomogeneity, since bias correction may in this case worsen repro-
ucibility. It is important that researchers seeking to use the T1w/T2w-
atio first compute correlations with well-validated datasets in order to
ssess the presence of intensity inhomogeneity in the data before decid-
ng on the bias correction strategy. 

The greatest reduction of the correlations with the YA-BC and YA-
1 + references in the NOR-Premier and Donders datasets was seen with
4ITK bias correction. The principal difference between the N3 and
13 
4ITK algorithms is the B-spline smoothing strategy and the iterative
ptimisation approach. Whereas the N3 algorithm estimates the total

ias field in each iteration, the N4ITK algorithm estimates the residual

ias field from the corrected image from the previous iteration. While
his has been considered to give better convergence properties for the
lgorithm, it may also be more aggressive than N3 bias correction. This
ould explain the tendency of the N4ITK algorithm to worsen correspon-
ence with the reference datasets, especially in regions of the cortex
here low T1w/T2w-ratio values were expected. It is also possible that

he choice of N4ITK parameters negatively affected these results, but
 thorough exploration of the N4ITK parameter space was outside the
cope of the present study. Given the importance of bias field correction
o the reproducibility of the NOR-MR750 dataset, and its paradoxical
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Fig. 4. Box plots of whole-cortex CVs for each participant grouped by processing method and dataset. Four outlier values (CVs > 35%) from two participants were 
not depicted for visualisation reasons. Their values were 38% and 46% for T1w/T2w Raw and 43% and 36% for T1w/T2w N3-All both after N&U intensity normalisation. 
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esults of lowering correspondence with the expected T1w/T2w-ratio
istributions in the NOR-Premier and Donders datasets, we encourage
esearchers to investigate these questions in more detail in future stud-
es. 

While T1w/T2w HCP-Raw 

neither improved the large laterality in-
ices of the NOR-MR750 dataset nor the low correlations with the
A-BC or the YA-B1 + reference datasets, the highest correlations were
een with the T1w/T2w HCP-BC pipeline. The poor performance of the
1w/T2w HCP-Raw 

is likely due to the lack of bias field correction in this
ipeline, with the result that residual field inhomogeneities, particu-
arly those caused by the B1 + field, remain in the T1w/T2w HCP-Raw 

aps and consequently lead to poor correspondence with the refer-
nce datasets. In contrast, the HCP-BC pipeline employs a combined
ias correction and intensity normalisation method using the smoothed
ifference between individual T1w/T2w-ratio maps and the population-
verage Conte69 template. This results in a non-linear correction of the
1w/T2w HCP-Raw 

maps where low-frequency local deviations from the
onte69 template are removed directly. Importantly, the YA-BC refer-
nce dataset was also created using the HCP-BC pipeline and it is there-
ore not surprising that the highest correlations to the YA-BC reference
as seen with the HCP-BC pipeline. These factors complicate the com-
arison with the other bias correction methods, since both N3 and N4ITK
ias correction are data-driven methods invoking few assumptions about
he expected distributions of the final maps. 
14 
.3. Test-retest reliability before intensity normalisation 

We found overall low test-retest reliability of the T1w/T2w-ratio
cross all datasets and for most of the processing pipelines. The
owest whole-cortex CVs were achieved with T1w/T2w HCP-Raw 

, while
lobal reliability as measured with ICC Median remained poor. We ex-
ected lower test-retest reliability with longer scan-rescan interval. This
as in line with the lower test-retest reliability of the HCP dataset

CV Cortex = 10.41% for T1w/T2w Raw 

) which had a mean scan-rescan
nterval of 3.85 months compared to the Donders dataset which used
imilar acquisition parameters but acquired scan-rescan pairs on the
ame day and showed higher test-retest reliability (CV Cortex = 8.56%
or T1w/T2w Raw 

). However, we also found low test-retest reliability
12.30% for T1w/T2w Raw 

) with the NOR-MR750 dataset where CV Cortex 
as calculated on the basis of same-day scan-rescan pairs in two sessions
ith only a two week scan-rescan interval. 

Test-retest reliability did not improve after bias field correction and,
ven decreased after N4ITK bias correction in three of the datasets.
his might indicate a drift of intensities during bias field correction,
hich could also be reflected in the increased means of T1w/T2w N4 
nd T1w/T2w N4-All ( Table 2 ) for two of the datasets. We also saw a
road range of ICC Median , a measure of global test-retest agreement in
he T1w/T2w-ratio maps, with values from 0.13 for the NOR-MR750
ataset to 0.90 for the NOR-Premier dataset. This variability may
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Fig. 5. Box plots of ICCs for each ROI grouped by processing method and dataset. 
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h Raw 
ndicate scanner differences in individual transmit and receive gain
ettings determined during prescan. This may lead to global inten-
ity drift that make inter-subject comparisons without intensity nor-
alisation difficult if not impossible. It is noteworthy that some
ipelines, such as T1w/T2w HCP-Raw 

decreased ICC Median in three of the
atasets. 

.4. Test-retest reliability after intensity normalisation 

There were major differences between intensity normalisation meth-
ds. Some methods, in particular WhiteStripe and Z-score, improved the
est-retest reliability considerably relative to T1w/T2w Raw 

. The similar-
15 
ty between WhiteStripe and RAVEL is likely due to WhiteStripe be-
ng performed as part of the RAVEL procedure. Despite improvements
n the total whole-cortex CVs with RAVEL, ICC Median was low for the
OR-MR750 dataset at 0.71 for T1w/T2w N4-All , whereas more consis-

ent results were found with WhiteStripe normalisation. We observed
he best numerical results with Z-Score normalisation, possibly the most
traightforward method, yielding a total whole-cortex CV of 5.17% for
he T1w/T2w N4-All pipeline. Some intensity normalisation procedures
ielded poor results for test-retest reliability, in particular one previ-
usly proposed method, N&U ( Nyúl and Udupa, 1999 ), led to total CVs
cross datasets of 14.18% when applied to T1w/T2w Raw 

which was
igher than the CV of 10.13% for T1w/T2w . 
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Fig. 6. Box plots of mean laterality indices for each participant grouped by processing method and dataset. 
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.5. Outlier and partial volume corrections 

Partial volume correction had only marginal effects on the repro-
ucibility and reliability of T1w/T2w-ratio maps. Nevertheless, in large
atasets the variable of interest may exert small but systematic partial
olume effects, as in the ageing brain where the intensity contrast used
o separate cortex and non-cortex is known to be affected. In such cases,
artial voluming can become more influential ( Shafee et al., 2015 ).
iven these considerations, we decided to still include partial volume
orrection in the reliability tests. It is worth pointing out that the out-
ier correction method used in this study was used in the early versions
f the HCP-MPP, but was later removed when it was found that sub-
illimetre resolution alleviated the need for it due to fewer artefactual
16 
ertex-wise values caused by misregistration of the T1w and T2w im-
ges and surface reconstruction errors ( Glasser et al., 2013 ). This is in
ine with our findings in the analyses on high-resolution data. Nonethe-
ess, we considered outlier correction to still be relevant to evaluate in
ur study, given that we conformed images to 1 mm isotropic resolu-
ion to ensure generalisability of our findings to clinical studies where
 mm resolution is still the norm. Furthermore, the unstable numerics
f the T1w/T2w-ratio can yield extreme values whenever T2w image
ntensities are close to zero. Given that the vertex-wise method used in
his study is resource intensive it may be advantageous to base outlier
orrection on individual T1w/T2w-ratio histograms in large datasets.
ince we conformed images to 1 mm isotropic resolution, this correc-
ion may have been avoidable if high resolution images had been used.
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urthermore, since the vertex-wise method used in this study is resource
ntensive it may be advantageous to base outlier correction on individ-
al T1w/T2w-ratio histograms in large datasets. 

.6. Impact of correction methods on the interpretation of results 

Taken together, our findings point to the benefit of optimised
1w/T2w-ratio processing depending on the specific properties of the

nput data, but there are potential drawbacks, particularly for the in-
erpretation of results of clinical analyses. Ideally, correction methods
educe both intensity bias and noise in the measurements, while retain-
ng as much biological variation as possible. However, most intensity
ormalisation methods use signal variation in control regions to adjust
ariation in the region under study (e.g. the cerebral cortex) which in-
roduces a dependence on intensity values in the control region. In our
tudy, the two intensity normalisation methods with the best perfor-
ance, WhiteStripe and Z-score normalisation, use variation in normal-

ppearing WM and the whole brain respectively, which may cause con-
ounding by these control regions when they are used to adjust the in-
ensities in the rest of the image. 

As a practical example, consider a study of group differences in cor-
ical T1w/T2w-ratio values in individuals who have a clinical condition
here white matter myelination is also affected, for example multiple

clerosis, where normal-appearing WM has also been shown to be af-
ected ( Beer et al., 2016 ; Cooper et al., 2019 ; Granziera et al., 2021 ). In
uch cases confounding is likely and should be taken into account when
he intensity normalisation method and control region is chosen. Other-
ise, dependence on the control region may introduce spurious group
ifferences in the cerebral cortex or obfuscate true effects. It is important
o note here that it may not be possible to completely circumvent such
imitations when employing relative non-dimensional measures such as
eighted MRI intensities. This has been taken as an argument for the use
f quantitative MRI techniques ( Edwards et al., 2018 ; Weiskopf et al.,
021 ). Still, when such data are not available, our results suggest that
ntensity normalisation can improve test-retest reliability and facilitate
nter-subject comparisons with conventional T1w and T2w sequences,
ith the caveat that researchers should examine their assumptions about

he independence of their biological variables of interest with respect to
ontrol regions in order to substantiate their results. 

Regarding bias field correction, it is less straightforward to predict
ow this affects the interpretation of results. For the N3 and N4ITK bias
orrection methods, low spatial frequencies are identified and removed
rom the image. While it is possible to constrain global intensity shifts,
he dependence between local intensities within the cerebral cortex and
ther brain tissue is harder to assess and it is possible that individual
ariation in the region of interest is removed or that spurious varia-
ion is introduced with these correction methods. This issue might be
ddressed through the development of bias field correction methods
hat adjust intensities in the cerebral cortex only on the basis of the
hared estimated field between the cerebral cortex and white matter.
e encourage researchers looking to acquire data for studies on the

1w/T2w-ratio to perform on-scanner B1- field correction and to obtain
edicated B1 + field maps, for example using Actual Flip angle Imag-
ng ( Yarnykh, 2007 ). In the recent preprint from Glasser et al. (2021) ,
uch B1 + field maps were used to attenuate the effects of B1 + field in-
omogeneity on the T1w/T2w-ratio. Interestingly, they also introduce
 pseudo-transmit field correction method which relies on more com-
only available spin echo and gradient echo sequences. Our results indi-

ate that in situations where such field maps are not available, the N4ITK
lgorithm provides an effective alternative which can greatly improve
he reproducibility of the regional distribution of the T1w/T2w-ratio
alues as expected from the myeloarchitectonic literature. 

.7. Impact of image resolution on results 

We found that whole-cortex CVs improved when high-resolution
ata was used. This is in line with previous findings that higher resolu-
17 
ion images are advantageous for T1w/T2w-ratio mapping ( Glasser and
ssen, 2011 ). This improvement is likely a result of the more accurate
urface reconstruction afforded by the higher resolution data. We there-
ore advise that high-resolution data is used, insofar as it is possible, in
tudies on the T1w/T2w-ratio. However, we acknowledge that practi-
al constraints may prevent the acquisition of high-resolution structural
RI. Importantly, longer acquisition times may increase the influence

f head movement, which for clinical studies, where patients often tend
o move more in the scanner than controls, can be a major confound
 Reuter et al., 2015 ). For the mean T1w/T2w-ratios, ICCs, laterality in-
ices, and correspondence with the reference T1w/T2w-ratio datasets,
he effect of resolution was marginal. This suggests that while test-retest
eliability may be improved with higher resolution data reproducibility
nd global T1w/T2w-ratio shifts are mainly driven by properties of the
ata other than resolution. 

.8. Strengths and limitations 

Strengths of the present study include the use of test-retest datasets
cquired on four different scanners across scanner models and vendors
ith a large total number of scan-rescan pairs in a test-retest context.
he datasets that were included in this study are highly suited to ad-
ress questions of reproducibility and reliability. We implemented a
arge variety of previously proposed processing methods within a stan-
ardised framework which allowed for the harmonised processing of
ach dataset. One such standardisation procedure was to downsample
igh resolution datasets in order to ensure the generalisability of our
ndings to typically available datasets with the more commonly used
oxel resolution of 1 mm isotropic. We also included the HCP Minimal
rocessing Pipeline as a reference processing pipeline, which is widely
sed and considered state-of-the-art. Finally, each processing method
as compared directly with two reference datasets in order to quan-

ify the correspondence between T1w/T2w-ratio maps. This facilitates
he generalisability of results and allows for direct comparison across
rocessing pipelines. 

As reviewed in the introduction, T1w and T2w image intensities
re inherently non-quantitative as voxel intensity values do not rep-
esent direct and dimensionful measurements of biophysical proper-
ies. In this context, segmentation-based methods may be particularly
owerful in providing measures that may be less sensitive to spurious
nter-individual variation ( Rowley et al., 2015 ; Viviani et al., 2017 ). In
he present study, the focus was on the cortical T1w/T2w-ratio as an
ndependent measure with the main focus on myeloarchitectonic par-
ellation and direct inter-subject comparisons. As such, questions re-
arding its use in segmentation-based approaches and correspondence
ith other measures of cortical myelin such as T1 relaxometry were
ot investigated. Future studies should investigate segmentation-based
pproaches and whether different T1w/T2w-ratio processing methods
ffect its validity for cortical myelin mapping through correlations with
uantitative myelin measures. Notably, Shams et al. (2019) found high
orrelations between R1 maps and the T1w/T2w-ratio with the greatest
eviations observed in regions where the B1 + field deviated the most
rom its nominal value. For segmentation and cortical reconstruction,
e used FreeSurfer and the HCP-MPP, also based on FreeSurfer, as these
re the most commonly used software suites for surface-based analyses
nd the cortical T1w/T2w-ratio. It is possible that other cortical seg-
entation methods would yield different results, but a systematic com-
arison of such methods was outside the scope of our study. 

While the present study focused on the cortical T1w/T2w-ratio, an
nteresting question is how the different processing pipelines presented
ffect the whole-brain T1w/T2w-ratio, though the T1w/T2w-ratio in
on-cortical regions may present its own set of challenges ( Arshad et al.,
017 ; Hagiwara et al., 2018 ; Uddin et al., 2018 , 2019 ). Another lim-
tation of this study is the long scan-rescan interval of the HCP test-
etest dataset (mean = 3.85 months; range = [2–5]). This was partially
ddressed by excluding those with scan-rescan interval greater than 6
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onths, but the scan-rescan interval remained greater than those of the
ther datasets. Finally, the datasets included in this study were com-
osed of healthy individuals and it is possible that the outcomes might
e different when applying these methods in clinical studies. 

onclusion 

We recommend that future studies using the T1w/T2w-ratio for
yeloarchitectonic parcellation assess the reproducibility of cortical
yelin distributions by direct comparison with datasets that correspond

losely with the expected myeloarchitectonic distributions, such as the
A-B1 + dataset, or atlases based on histological cortical myelin maps.
or researchers planning to acquire data for studies on the T1w/T2w-
atio, we recommend that they carefully assess the scan-rescan stability
f the head coil, perform on-scanner B1- field correction, and acquire
cans suitable for estimating the B1 + field to correct for transmit field
nhomogeneities. However, in the presence of field inhomogeneities ob-
curing the expected regional distributions of the T1w/T2w-ratio, bias
eld correction should be used and its performance quantified. Our find-

ngs suggest improved performance with the N4ITK algorithm, but this
epends on the inhomogeneity profile of the specific dataset, in partic-
lar that of the B1 + field. We also found that high resolution ( < 1 mm)
ata performed better than data downsampled to 1 mm resolution, and
e recommend that images used for T1w/T2w-ratio mapping are ac-
uired at high resolution whenever possible. We demonstrated that the
est-retest reliability of the raw T1w/T2w-ratio is poor, which reduces
he ability to test group differences or associations with clinical vari-
bles. Intensity normalisation methods can be used to improve reliabil-
ty; the caveat being that choice of method may also affect the interpre-
ation of results. 
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