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Quantitative magnetic resonance (MR) has been used to study cyto- and myelo-architecture of the human brain non-invasively.
However, analyzing brain cortex using high-resolution quantitative MR acquisition can be challenging to perform using 3T clinical
scanners. MR fingerprinting (MRF) is a highly efficient and clinically feasible quantitative MR technique that simultaneously provides
T1 and T2 relaxation maps. Using 3D MRF from 40 healthy subjects (mean age = 25.6 ± 4.3 years) scanned on 3T magnetic resonance
imaging, we generated whole-brain gyral-based normative MR relaxation atlases and investigated cortical-region-based T1 and
T2 variations. Gender and age dependency of T1 and T2 variations were additionally analyzed. The coefficient of variation of T1

and T2 for each cortical-region was 3.5% and 7.3%, respectively, supporting low variability of MRF measurements across subjects.
Significant differences in T1 and T2 were identified among 34 brain regions (P < 0.001), lower in the precentral, postcentral, paracentral
lobule, transverse temporal, lateral occipital, and cingulate areas, which contain sensorimotor, auditory, visual, and limbic functions.
Significant correlations were identified between age and T1 and T2 values. This study established whole-brain MRF T1 and T2 atlases
of healthy subjects using a clinical 3T scanner, which can provide a quantitative and region-specific baseline for future brain studies
and pathology detection.

Key words: MR fingerprinting; T1 relaxation time; T2 relaxation time; human brain atlas; quantitative MRI.

Introduction
It is well recognized that cortical gray matter (GM)
has varying cyto- and myelo-architecture in different
brain areas, with many of these variations related to
brain function (Ribas 2010; Amunts and Zilles 2015).
Gyral microstructural changes have also been associated
with neurological diseases and alterations in cortical
functions. Frontal lobe atrophy was correlated with
impaired executive function in patients with Parkinson’s
disease (Lee et al. 2014; Chung et al. 2019). Patients with
Alzheimer’s disease showed a wide spectrum of GM atro-
phy in the temporal lobes, precuneus, cingulate gyrus,
and inferior frontal cortex (Möller et al. 2013). Cortical
atrophy that extends beyond the epileptic cortical lesion
was shown in patients with focal epilepsies (Bernasconi
et al. 2011; Barkovich et al. 2012; Adler et al. 2017).
More recently, regional GM changes in the frontal lobes
were also reported in patients with various psychiatric
disorders such as schizophrenia, bipolar disorder, and

major depressive disorder (Sasabayashi et al. 2021). As
there are regional differences in the cyto-architecture
of the normal brain cortex, characterizing normal
variations of image features in the brain cortex is needed
for better identification of region-specific pathological
changes from various neurological disorders.

Although magnetic resonance imaging (MRI) has
been widely used to investigate tissue changes in the
brain non-invasively, conventional MRI techniques have
several limitations. First, the conventional T1 weighted
(T1w) and T2 weighted (T2w) images only provide relative
contrasts among different tissue types in the brain.
Quantitative measurements carried out in the literature
were largely limited to morphometric analysis (such
as volume, shape, and texture), but not for signal.
Although image contrast variations may be visually
observed in some of the cortical regions on conventional
qualitative MRI, “quantitative” image markers were
typically not available to measure the varying cyto- or
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myelo- architectures in cortical regions. Second, for
normal brain characterization or group-based disease
characterization, a large sample size and a reproducible
measurement technique are both critical for establishing
region-specific baseline and detection of pathological
tissue changes. However, T1w and T2w images are influ-
enced by many factors such as pulse sequence types,
acquisition sequence parameters, receive coil sensitivity,
and geometry and hardware conditions, causing low
reproducibility (Bloem et al. 2018). Third, cortical GM is a
thin and complex structure with an average thickness
of 2.5 mm (Hutton et al. 2008). MRI techniques need
to be equipped with high-resolution and large volume
coverage to provide the details of whole-brain GM
regions. Finally, because of the limited sensitivity of
a single contrast-weighted MR image to cortical GM,
images from different contrasts are typically analyzed
jointly. When different scans from the same subject
are processed, subject motion and differences in image
resolution and acquisition plane may introduce inherent
registration errors, which further reduces the sensitivity
of characterizing subtle tissue variations of cortical GM.

Magnetic resonance fingerprinting (MRF) is a novel
MRI technique that generates quantitative T1 and T2

maps simultaneously from a single scan (Ma et al. 2013).
Compared with conventional MRI scans with weighted
contrasts, MRF is much less sensitive to scan settings
and scanner variations, leading to high reproducibility
that has been validated by multiple studies (Buonincontri
et al. 2019; Körzdörfer et al. 2019; Fujita et al. 2021).
Compared with other quantitative MRI techniques such
as QRAPMASTER, repeatability of MRF was 1.4 and 1.2
times higher on 1.5T and 3.0T MRI, while being 4.8 times
faster (Nunez-Gonzalez et al. 2021). MRF has been applied
in various clinical studies, demonstrating high sensitivity
and specificity to pathological changes due to epilepsy
lesions, brain tumors, and prostate tumors (Badve et al.
2015, 2017; Yu et al. 2017; Liao et al. 2018; Ma et al. 2019).
An additional advantage of MRF is the absence of image-
to-image registration errors, because of the perfectly co-
registered quantitative T1 and T2 maps generated by the
same scan. The recently developed high-resolution 3D
MRF technique was able to provide whole-brain T1 and
T2 maps with 1.0-mm3 isotropic resolution from 3T MRI
(Ma et al. 2019). These advantages make MRF a promising
noninvasive imaging tool for the detailed investigation of
whole-brain regions.

In this study, we aimed to develop normative quanti-
tative atlases of gyral-based cortical brain regions using
whole-brain MRF T1 and T2 tissue property maps. Specif-
ically, we estimated T1 and T2 values in a total of 68 cor-
tical GM and adjacent white matter (WM) brain regions
from 40 healthy adult subjects, in order to establish a
quantitative and region-specific baseline. Previous stud-
ies have used quantitative imaging to characterize cor-
tical regions (Cohen-Adad et al. 2012; Haast et al. 2016;
Marques et al. 2017); however, these studies were typi-
cally performed using ultra-high-field 7T MRI. Because
quantitative relaxation times (such as T1, T2, and T2

∗)

are field-dependent, the results cannot be directly used
as a 3T normative atlas, or as a quantitative baseline
for lesion detection for patient scans acquired using 3T
clinical systems. To fill this gap, our study constructed a
quantitative normative relaxation atlases based on MRF
acquired from a 3T clinical scanner. In addition, the
multiparametric 3D MRF sequence with 1-mm3 isotropic
resolution employed in this study made it possible to
simultaneously measure T1 and T2 values at a high-
resolution, whereas a previous study utilized separate T1

and T2 mapping sequences with anisotropic resolution
(Piredda et al. 2020). We investigated differences in MRF
T1 and T2 values for all gyri, with a particular focus
on cortical regions containing primary functions, such
as the sensorimotor, auditory, and visual cortices. We
additionally assessed the correlation of the T1 and T2

values of cortical GM and its adjacent WM. To focus
our analysis on the cortical-region-dependent T1 and T2

variations, we recruited healthy subjects with a narrow
age range. However, the age and gender dependency of
the T1 and T2 values in each region were also analyzed.

Materials and methods
MRI acquisition
This study was approved by Institutional Review Board
of Cleveland Clinic and all subjects gave written
informed consent prior to the MRF scan. We included
40 healthy volunteers (18 men and 22 women; mean
age = 25.6 ± 4.3 years; 35 right-handed and 5 left-
handed). Healthy volunteers did not have prior history
of neurological disorders; both gender and all ethnicity
were recruited. MRI scans were performed at a 3T
Siemens Prisma scanner with a 20-channel head coil
(Erlangen, Germany). A board-certified radiologist (SEJ)
reviewed the scans and confirmed the MRIs were normal
from all healthy volunteers. The study design is a cross-
sectional study and subjects were scanned at one time
point.

3D whole-brain MRF was acquired for all participants
(field of view (FOV) = 300 × 300 × 144 mm3, 1.0-mm3

isotropic voxels, axial acquisition, scan time = 10 min
24 s; Ma et al. 2013, 2018, 2019). The 3D MRF sequence
was based on steady-state precession (FISP) readout with
a stack of spirals k-space trajectory (Ma et al. 2018). In
addition to the MRF sequence, a 3D B1 mapping sequence
was acquired with the same FOV as the MRF to correct for
B1 inhomogeneity in the MRF results (scan time = 1 min
50 s; Ma et al. 2018). As reported previously, MRF provides
higher motion robustness than conventional MRI scans
(Cruz et al. 2019). Furthermore, pads were positioned
beside the subject’s head to add comfort and minimize
movement.

MRF reconstruction was performed using a low-rank
model-based algorithm (Ma et al. 2019). A dictionary was
generated to contain signal evolutions from a wide range
of combinations of T1 (range: 2–3,000 ms) and T2 (range:
3–2,000 ms) using Block Equation. The inner product
between the acquired signal and each combination from
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Fig. 1. Representative MRF T1w, T1, and T2 maps.

the dictionary was performed at each voxel. Then, T1 and
T2 values of each voxel were identified using the maxi-
mum inner product (Ma et al. 2019). The reconstruction
of MRF took 2.7 h on a standalone PC. MRF T1w maps were
then synthesized from the T1 maps. Representative MRF
T1w, T1, and T2 maps are shown in Fig. 1. The MRF maps
were reviewed by a board-certified neuroradiologist (SEJ)
for image quality and incidental findings, confirming
that there were no severe motion artifacts.

For each subject, conventional 3D T1w magnetization-
prepared rapid acquisition with gradient echo (T1w

Magnetization-prepared rapid gradient-echo (MPRAGE))
images were additionally acquired (FOV = 240 × 240 mm2,
matrix = 240 × 240 mm2, thickness = 0.94 mm, resolu-
tion = 0.5 × 0.5 × 0.94 mm3, interpolation ON, repeti-
tion time = 1,900 ms, echo time = 2.57 ms, inversion
time = 1,100 ms, number of slices = 192, flip angle = 10◦,
GRAPPA = 2, and scan time = 3 min 59 s).

Data processing for normative quantitative
relaxation atlases
The brain segmentation of each subject was performed
in Freesurfer with “recon-all” (Dale et al. 1999; Fischl
2012) using the conventional T1w MPRAGE. We utilized
the Desikan–Killiany atlas to provide parcellated seg-
mentation of gyral-based cortical GM and adjacent WM
(Desikan et al. 2006). The parcellations included 34 dif-
ferent brain structures for each hemisphere (68 regions
in total), as listed in Table 1. The gyral-based segmen-
tation masks for GM and adjacent WM are shown in
Fig. 2. For the quality control of segmentation, we fol-
lowed enhancing neuro imaging genetics through meta-
analysis (ENIGMA) protocols (Whelan et al. 2018).

To develop normative MRF T1 and T2 atlases for
each segmented brain region, we first performed skull

stripping for MRF maps, combining MRF T1w and T1

maps to improve the accuracy of skull stripping in the
frontal and occipital brain regions using FMRIB Software
Library (FSL) (Smith 2002). The MRF T1w maps were
then registered to the T1w MPRAGE images using SyN
in Advanced Normalization Tools (ANTS) (Avants and
Gee 2004). The warping information was directly applied
to the T1 and T2 maps to register to the T1w MPRAGE
images. Cerebrospinal fluid (CSF) masks were segmented
from the registered MRF T1w maps using FSL (Zhang et al.
2001). To minimize partial volume effects from CSF, we
excluded voxels with probability of CSF > 10%. Finally, to
generate normative T1 and T2 relaxation atlases, T1 and
T2 values for a given gyral-based brain structure were
averaged across 40 subjects.

Surface projection of MRF T1 and T2

MRF T1 and T2 surface projections were generated for
visualization of the signal variations using all 40 healthy
subjects. After skull stripping for all the MRF maps
aforementioned, we first generated a MRF T1w template
using “antsMultivariateTemplateConstruction2” in ANTs
(Avants et al. 2011). Then, warping information obtained
from the processing of the MRF T1w template was applied
to individual MRF T1 and T2 maps to generate T1 and T2

templates using SyN in ANTs (Avants and Gee 2004).
The co-registered T1 and T2 templates were mapped
onto the surface template in the MNI152 standard space
using computational anatomy toolbox (CAT12; Dahnke
et al. 2013), an extension to SPM 12 (Penny et al. 2011) in
MATLAB R2021b (MathWorks, Natick, MA). Whole-brain
MRF T1 and T2 values were projected on the surface,
based on the average value between the GM/CSF border
and GM/WM border.
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Table 1. Labels for brain regions and mean MRF T1 and T2 values of GM and WM adjacent to the cortex.

Number Brain region T1 GM (ms) T2 GM (ms) T1 WM (ms) T2 WM (ms)

1 Bankssts 1,389 ± 45 56.5 ± 2.4 866 ± 31 41.4 ± 1.5
2 Caudal anterior cingulate 1,341 ± 51 55.3 ± 4.6 832 ± 35 38.4 ± 3.7
3 Caudal middle frontal 1,359 ± 48 58.9 ± 4.8 867 ± 32 42.2 ± 2.1
4 Cuneus 1,384 ± 44 56.9 ± 3.1 890 ± 35 44.2 ± 2.0
5 Entorhinal 1,490 ± 45 67.6 ± 8.6 963 ± 36 46.3 ± 4.4
6 Fusiform 1,433 ± 50 62.8 ± 4.6 872 ± 32 42.6 ± 2.0
7 Inferior parietal 1,368 ± 49 58.6 ± 3.0 865 ± 32 42.8 ± 1.9
8 Inferior temporal 1,459 ± 54 66.8 ± 6.3 891 ± 36 42.4 ± 2.3
9 Isthmus cingulate 1,363 ± 52 51.6 ± 3.0 849 ± 37 39.1 ± 2.5
10 Lateral occipital 1,383 ± 46 54.2 ± 3.8 878 ± 31 42.5 ± 2.4
11 Lateral orbitofrontal 1,409 ± 52 66.6 ± 4.6 860 ± 35 43.6 ± 2.6
12 Lingual 1,412 ± 46 55.0 ± 3.1 882 ± 34 42.9 ± 2.5
13 Medial orbitofrontal 1,393 ± 57 66.0 ± 4.9 853 ± 36 42.5 ± 3.4
14 Middle temporal 1,449 ± 53 62.5 ± 3.5 894 ± 36 41.6 ± 2.0
15 Parahippocampal 1,443 ± 53 63.2 ± 5.7 912 ± 34 43.6 ± 3.1
16 Paracentral 1,335 ± 52 58.6 ± 6.6 861 ± 32 44.9 ± 3.7
17 Pars opercularis 1,397 ± 45 58.8 ± 2.7 867 ± 30 40.4 ± 1.8
18 Pars orbitalis 1,395 ± 50 68.1 ± 5.2 886 ± 38 45.9 ± 3.2
19 Pars triangularis 1,393 ± 46 61.6 ± 3.1 869 ± 32 42.5 ± 2.1
20 Pericalcarine 1,410 ± 49 58.5 ± 3.8 895 ± 32 45.8 ± 2.2
21 Postcentral 1,367 ± 47 60.3 ± 4.4 883 ± 31 44.5 ± 2.6
22 Posterior cingulate 1,353 ± 50 53.0 ± 3.1 852 ± 35 39.6 ± 2.9
23 Precentral 1,357 ± 45 59.7 ± 4.7 875 ± 31 44.9 ± 2.6
24 Precuneus 1,380 ± 48 56.3 ± 3.2 861 ± 31 42.3 ± 2.1
25 Rostral anterior cingulate 1,339 ± 48 58.6 ± 4.4 821 ± 31 39.0 ± 3.1
26 Rostral middle frontal 1,366 ± 48 62.0 ± 3.6 857 ± 32 41.6 ± 2.2
27 Superior frontal 1,381 ± 50 64.3 ± 7.3 867 ± 33 43.6 ± 2.7
28 Superior parietal 1,376 ± 49 60.4 ± 5.2 871 ± 33 44.1 ± 2.5
29 Superior temporal 1,447 ± 46 61.7 ± 3.1 899 ± 33 42.4 ± 2.0
30 Supramarginal 1,381 ± 45 57.7 ± 2.8 863 ± 32 41.0 ± 1.8
31 Frontal pole 1,383 ± 63 73.0 ± 12.0 902 ± 43 47.6 ± 7.7
32 Temporal pole 1,522 ± 52 71.2 ± 6.2 981 ± 41 46.5 ± 3.6
33 Transverse temporal 1,336 ± 41 51.4 ± 2.3 887 ± 30 41.5 ± 1.8
34 Insula 1,424 ± 41 60.1 ± 2.9 880 ± 25 41.8 ± 1.7

GM: gray matter, WM: white matter, Bankssts: banks of superior temporal. MRF T1 and T2 values were averaged from right and left hemispheres for each brain
region.

Fig. 2. The brain segmentation masks for gyral-based cortical gray matter and WM adjacent to gray matter used in this study.

Data analysis
Statistical analyses were performed using the statistics
and machine learning toolbox in MATLAB. MRF T1 and
T2 values were transformed to the logarithmic scale to

reduce possible skewed distribution. A one-way analy-
sis of variance (ANOVA) test was performed to test the
significant differences between MRF T1 and T2 values
of different cortical GM regions. Post-hoc analysis was
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Fig. 3. Brain surface projection maps for MRF T1 and T2 of left and right hemispheres.

performed using Tukey’s method for multiple compar-
ison correction. The statistical difference between MRF
values of male and female was additionally investigated
using average T1 and T2 values of both hemispheres.

We performed Spearman’s correlation analyses to
explore the association between MRF T1 and T2 values
in GM and its adjacent WM. Correlation coefficients
for variation of different brain regions were calculated
using average MRF values across 40 subjects for each
region. The association of T1 and T2 values with the age
of participants for each region was investigated using
average T1 and T2 values of both hemispheres.

Results
MRF T1 and T2 surface projections
Average T1 and T2 surface projections of the left and
right hemispheres from all subjects are shown in Fig. 3.
Visually, low MRF T1 values were seen on the precentral
and postcentral gyri (sensorimotor cortex). MRF T1 and T2

values were both low around the posterior superior tem-
poral region (auditory cortex) and lateral/mesial occipital
regions (visual cortex). In addition, low T1 values were
seen in the paracentral lobule (sensorimotor cortex) and
low T2 values in the cingulate.

MRF T1 and T2 of cortical GM regions
The mean MRF T1 and T2 values in the 34 parcellated
brain regions are shown in Table 1. The average coeffi-
cient of variations (CV) of the T1 value for 40 subjects in
each region were 3.5% and 3.8% for GM and WM, respec-
tively; the average CVs of the T2 value were 7.3% and 6.2%
for GM and WM, respectively. Region-based CV values
can be found in Supplementary Table 1. The low CV
values support low variability of 3D MRF measurement in
healthy subjects with similar ages (25.6 ± 4.3 years in our
study). The distribution of MRF T1 and T2 values across

brain regions was significantly correlated between the
left and right hemispheres using Spearman’s analysis
(T1: rho = 0.9667 and P < 0.001 in GM, rho = 0.9016 and
P < 0.001 in WM; T2: rho = 0.9679 and P < 0.001 in GM,
rho = 0.9071 and P < 0.001 in WM), confirming the high
similarity of T1 and T2 values between left and right
hemispheres. No significant differences between left and
right hemispheres were seen for all regions except for
2 (label 33, transverse temporal, for T1 GM; label 24,
precuneus, for T2 GM and WM, P < 0.05 for all, Bonferroni
corrected).
Figure 4 shows box plots of log MRF T1 and T2 values of
cortical GM from 34 brain regions (labels corresponding
to Table 1). Log MRF T1 and T2 values were significantly
different between 34 brain regions in both left and right
hemispheres using one-way ANOVA tests (P < 0.001). As
shown in Fig. 5 and Supplementary Fig. 1, significantly
lower MRF T1 values were found in the following regions
(P < 0.05, Tukey corrected): precentral (label 23, lower
than 11/34 regions on left, 12/34 regions on right), post-
central (label 21, lower than 9/34 regions on left, 10/34
regions on right), paracentral (label 16, lower than 24/34
regions on left, 19/34 regions on right), and transverse
temporal (label 33, lower than 14/34 regions on left,
26/34 regions on right). On the significantly higher end
of MRF T1 values were the following regions (P < 0.05,
Tukey corrected): temporal pole (label 32, higher than
32/34 regions on left, 32/34 regions on right), entorhinal
(label 5, higher than 28/34 regions on left, 30/34 regions
on right), inferior temporal (label 8, higher than 27/34
regions on left, 26/34 regions on right), middle temporal
(label 14, higher than 26/34 regions on left, 24/34 regions
on right), and superior temporal (label 29, higher than
26/34 regions on left, 23/34 regions on right) regions.

As shown in Fig. 6 and Supplementary Fig. 2, sig-
nificantly lower MRF T2 values were identified in the
following regions (P < 0.05, Tukey corrected): transverse

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac292#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac292#supplementary-data
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Fig. 4. Box plots of log MRF T1 and T2 values of left and right hemispheres. Red line in the box indicates the median value. Asterisk indicates outliers.
X-axis consists of 34 labels of the brain mask (labels shown in Table 1). The distribution of MRF T1 and T2 values across brain regions was significantly
correlated between the left and right hemispheres using Spearman’s analysis (P < 0.001).

temporal (label 33, lower than 29/34 regions on left, 28/34
regions on right), lateral occipital (label 10, lower than
27/34 regions on left, 21/34 regions on right), isthmus
cingulate (label 9, lower than 28/34 regions on left, 31/34
regions on right), and posterior cingulate (label 22, lower
than 27/34 regions on left, 26/34 regions on right). On the
significantly higher end of MRF T2 values were the fol-
lowing regions (P < 0.05, Tukey corrected): temporal pole
(label 32, higher than 32/34 regions on left, 26/34 regions
on right), frontal pole (label 31, higher than 29/34 regions
on left, 31/34 regions on right), pars orbitalis (label 18,
higher than 28/34 regions on left, 25/34 regions on right),
lateral orbitofrontal (label 11, higher than 28/34 regions
on left, 20/34 regions on right), medial orbitofrontal
(label 13, higher than 22/34 regions on left, 21/34 regions
on right), and entorhinal (label 5, higher than 28/34
regions on left, 22/34 regions on right) regions. There
were no significant gender differences in T1 and T2 values
across brain regions (P > 0.05, False discovery rate (FDR)
corrected).

Correlation analyses for MRF T1 and T2

We found a significant correlation between MRF T1 in
the GM and adjacent WM across all the brain regions
(rho = 0.6611, P < 0.001). Similarly, MRF T2 also showed
significant correlation between GM and adjacent WM
(rho = 0.5572, P < 0.001). Across all subjects, T1 and T2

values were significantly correlated only in some (but not
all) of brain regions (GM, 11 out of 68 regions; WM, 15 out
of 68 regions), suggesting that T1 and T2 carry different
tissue property information.

Significant negative correlations were found between
MRF values and age in many GM regions, as shown in
Figs 7 and 8. Namely, caudal middle frontal (label 3),

cuneus (label 4), inferior parietal (label 7), isthmus
cingulate (label 9), lateral orbitofrontal (label 11),
paracentral (label 16), pars opercularis (label 17), pars
orbitalis (label 18), pars triangularis (label 19), peri-
calcarine (label 20), postcentral (label 21), precentral
(label 23), precuneus (label 24), rostral middle frontal
(label 26), superior frontal (label 27), superior parietal
(label 28), supramarginal (label 30), and insula (label
34) regions were significantly correlated with MRF T1

values (P < 0.05, Fig. 7). Banks of superior temporal (label
1), caudal middle frontal (label 3), medial orbitofrontal
(label 13), pars orbitalis (label 17), pars triangularis (label
19), precentral (label 23), rostral anterior cingulate (label
25), rostral middle frontal (label 26), superior frontal
(label 27), superior temporal (label 29), frontal pole (label
31), and transverse temporal (label 33) regions were
significantly correlated with MRF T2 (P < 0.05, Fig. 8). Note
that, although significant negative correlations were
identified, CV of the T1 and T2 values in the significant
regions were still relatively low for this narrow age range,
at 3.5 ± 0.2% for T1 and 7.1 ± 3.5% for T2. For the adjacent
WM regions, only the frontal pole (label 31, CV = 4.7%)
region showed significant correlation between T2 values
and age (rho =−0.395, P = 0.012).

Discussion
In this study, we generated normative quantitative T1

and T2 atlases for gyral-based cortical regions using a
novel 3D MRF technique. The 1-mm3 isotropic resolution
allowed for analysis of GM and adjacent WM regions
of the whole-brain with high resolution. The perfectly
co-registered T1 and T2 maps from a single MRF scan
also enabled the analysis of correlations between



3568 | Cerebral Cortex, 2023, Vol. 33, No. 7

Fig. 5. Tukey post-hoc results for MRF T1 values in left and right hemispheres. X-axis shows T1 values in a log scale and Y-axis shows labels of 34 brain
regions (labels shown in Table 1). Red lines indicate the significant areas compared with the area indicated by the blue lines (precentral, postcentral,
paracentral, and transverse temporal regions), after Tukey’s multiple comparison correction (P < 0.05).

different tissue properties. T1 and T2 results from all 68
regions showed low variability across 40 healthy subjects
with similar ages, with CV ∼3% for T1 and 7% for T2.
This low across-subject variability from MRF allowed
us to detect subtle differences across normal cortical
regions. In addition, as shown in the age-dependency
analysis, significant negative correlations between the
subjects’ age and T1 or T2 values were identified in
many of the cortical regions, even within this narrow age
range (25.6 ± 4.3 years), suggesting that the 3% and 7%
variations in T1 and T2 may even provide physiologically
meaningful information related to brain aging. The
reliable segmentation of the atlases was shown by the
high correlation between MRF values of the left and right
hemispheres. The significantly lower-signal regions on
T1 and T2 atlases seemed to be consistent with myelin-
rich primary functional areas of the brain (e.g. sensory,
motor, visual, and auditory cortex). The demonstrated
significant correlation between MRF values of cortical
GM and those of adjacent WM supported the notion

that these regions are structurally and functionally
related.

Prior studies showed that T1 was significantly corre-
lated with water mobility (Sigalovsky et al. 2006; Bock
et al. 2009; Geyer et al. 2011), myelin (Mottershead et al.
2003; Bot et al. 2004; Schmierer et al. 2004), and extra-
cellular fluid space of tissue (Ormerod et al. 1986). T2

showed significant relationship with water accumula-
tion and gliosis (Kamman et al. 1988) as well as iron
accumulation (Desmond et al. 2016). Our results revealed
different regions where T1 and T2 showed lower values,
potentially reflecting the capability of T1 and T2 to depict
the varying cyto- and myelo-architecture changes in a
complementary fashion. Correlation analysis between T1

and T2 showed significance only in ∼20% of 68 gyral
regions, further suggesting that T1 and T2 carry different
tissue property information. The higher CV of T2 as com-
pared with T1 could be due to B1 inhomogeneity and mag-
netization transfer effects (Hilbert et al. 2020). Previous
MRF studies have also shown a relatively larger variation
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Fig. 6. Tukey post-hoc results for MRF T2 values in left and right hemispheres. X-axis shows T2 values in a log scale and Y-axis denotes labels of 34 brain
regions (labels shown in Table 1). Red lines indicate the significant areas compared with the area indicated by the blue lines (lateral occipital, isthmus
cingulate, posterior cingulate and transverse temporal regions), after Tukey’s multiple comparison correction (P < 0.05).

of T2 than T1 (Buonincontri et al. 2019; Körzdörfer et al.
2019; Choi et al. 2022).

MRF T1 values were significantly lower in regions car-
rying primary functions, including precentral and post-
central, transverse temporal, and paracentral regions.
Precentral and postcentral gyri are well known to be
highly myelinated primary motor and somatosensory
cortices (Barbas and García-Cabezas 2015; Rowley et al.
2015). A previous MRI study that used Magnetization-
prepared 2 rapid acquisition gradient echo (MP2RAGE)
at 7T showed low T1 values in Brodmann areas 1–3
(somatosensory cortices) compared with other Brod-
mann areas (Marques et al. 2017). The transverse
temporal gyri (Heschl’s gyri), the most myelinated region
in the temporal cortex (Rowley et al. 2015; Gulban et al.
2020), contain primary auditory function. Consistent
with our finding, significantly lower T1 values were
reported in the transverse temporal region by the
aforementioned 7T study (Marques et al. 2017), and

myelination-weighted contrast imaging such as T1w/T2w
∗

also revealed high signals in this region (Haast et al.
2016). The significantly lower MRF T1 in the paracentral
region, a medial continuation of the precentral and
postcentral gyri, could also be related to this area being
the control hub of motor and sensory innervations
(Haines 2017). T1w/T2w

∗ myelination-weighted imaging
at 7T also showed high level of myelination in this region
(Haast et al. 2016).

Carrying complementary tissue property information,
MRF T2 data showed different findings than T1 data.
Significantly lower T2 was found in the lateral occipital
region, which plays an important role in human visual
object processing. A prior histology study showed
dense myelin staining in the lateral occipital cortex
(Ramachandran 2002). Low MRF T2 values in this region
may reflect these densely myelinated structures. The
lower MRF T2 detected in the cingulate regions is
intriguing. The cingulate, being an important part of the
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Fig. 7. Scatter plots and linear regression lines of T1 values in relation to age for significant regions. Rho values indicate Spearman’s correlation (P < 0.05).

limbic system, is associated with diverse brain functions
and densely interconnected with a variety of other brain
regions. Haast et al. reported high levels of myelination in
the posterior part of the cingulate cortex by measuring
T1w/T2w

∗ values (Haast et al. 2016), which is consistent
with the low MRF T2 values detected in our study.

The high T1 and T2 values in select brain regions are
also interesting to consider. For example, the temporal
pole showed high T1 values compared with the other
regions, which is consistent with prior studies reporting
light myelination in the temporal pole using T1w/T2w

imaging (Glasser and Van Essen 2012). High MRF T2 was
found in the orbitofrontal regions, which were reported
to be extensively involved in emotion and decision-
making (Kringelbach 2005). Rolls et al. reported that
the orbitofrontal regions had relatively more medium
and thin axons and intermediate density of neurons
compared with the other regions, which could also be
the histological explanation of the T2 variations observed
(Rolls 2004).

Intriguingly, our data suggest MRF values of GM are
significantly correlated with those of WM adjacent to
GM for both T1 and T2. An earlier study demonstrated GM
neuro-plasticity was related to brain function (Maguire
et al. 2006). Recently, the relationship between neuro-
plasticity and brain function was also found in the WM
adjacent to GM (Scholz et al. 2010; Zatorre et al. 2012;
Douaud et al. 2013). During the visual and motor training,
changes in diffusion-tensor imaging were observed in the
WM around the intraparietal sulcus (Scholz et al. 2010;
Takeuchi et al. 2010; Taubert et al. 2010; Hofstetter et al.
2013; Yotsumoto et al. 2014). Piervincenzi et al. revealed
that quadrato motor training resulted in changes in
the WM around thalamic radiations, uncinate fasciculi
and fronto occipital fasciculi, which were related to
sensorimotor and cognitive functions (Piervincenzi
et al. 2017). Our study provides further evidence, from
the angle of quantitative tissue property measures, to
support the notion that WM could be structurally and
functionally related to cortical GM. Additional studies
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Fig. 8. Scatter plots and linear regression lines of T2 values in relation to age for significant regions. Rho values indicate Spearman’s correlation (P < 0.05).

directly investigating MRF measures and functional
measures are needed to further support this point.

The negative correlation between age and MRF T1 or
T2 values, within the narrow age range of the recruited
subjects (25.6 ± 4.3 years), supports the sensitivity of
MRF in measuring microstructural changes in the brain.
Hagiwara et al. reported decreases in T1 and T2 values in
the brain until 40 years of age, using a multi-echo spin
echo sequence for T1 and T2 measurement; a reverse
trend of myelin volume fraction in the same subjects
supported the T1 and T2 changes (Hagiwara et al. 2021).
In another large-cohort study, the myelination pattern of
cortical GM in 1,555 healthy subjects was investigated
using T1w/T2w. A significant linear increase between
age and T1w/T2w was detected across 18–35 years of
age (Shafee et al. 2015), corroborating our findings.
Intriguingly, our data showed only one WM region was
significantly correlated between age and MRF values,
whereas for cortical GM many regions were significantly
correlated. A previous study reported that cortical GM
myelination played a dominant role during adolescent
development, and was more significantly correlated with
age than WM due to different myelination trajectories
(Buyanova and Arsalidou 2021). Diffusion-tensor imaging
studies also showed relatively stable WM structures
during mid-adulthood (Schmithorst et al. 2002; Lebel
et al. 2012).

Representing multiparametric imaging characteristics
of gyral-based brain regions, the normative quantitative
atlases generated in this study have practical clinical
significance. The number of subjects in this study (n = 40)
was larger than previous quantitative relaxation studies,
which recruited only 6 (Marques et al. 2017) and 21 (Fujita
et al. 2021) healthy subjects to investigate the regional

difference between brain regions using quantitative T1

and T2 (or T2
∗) maps. The high stability of the MRF-based

atlases as reported in our study, reflected by a CV of
3% in T1 and 7% in T2, may facilitate the detection of
disease-related changes through quantitative compara-
tive analysis. For example, in patients with focal epilepsy,
comparing individual patient’s images with a normative
atlas (based on conventional weighted images) has been
frequently performed for lesion detection (Huppertz et al.
2008; House et al. 2013; Wang et al. 2015; David et al.
2021). Current normative atlases were typically gener-
ated by T1w and T2w images, so the quantitative com-
parisons were largely performed by morphometry, which
can be inherently limited by lower sensitivity and repro-
ducibility compared with quantitative MRI techniques
(Bloem et al. 2018). The normative atlases generated in
this study have the potential to address these limitations
by providing region-specific and quantitative baselines.
Furthermore, the perfectly co-registered T1 and T2 atlases
in this study provide complementary, multiparametric
information, which can also be essential for the detec-
tion of subtle lesional changes associated with neuro-
logical diseases that cannot be resolved by one single
contrast. The value/necessity of using multiparamet-
ric MR comparisons has been illustrated in many prior
studies in epilepsy (House et al. 2013; Adler et al. 2017;
Hong et al. 2017). Taken together, the MRF T1 and T2

atlases generated in this study have the potential to
provide highly sensitive quantitative, region-specific, and
multiparametric baselines for the detection of lesional
changes associated with neurological diseases.

Although the vast majority of the brain regions did not
show significant differences in MRF measures between
left and right hemisphere, the transverse temporal region
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showed significant differences between left and right
for T1 of GM, and the precuneus showed significant
differences between left and right for T2 of GM as well
as WM. A number of prior studies investigated left and
right hemispheric differences in the normal brain. It
was reported that the left transverse temporal cortex
was more associated with the rate of auditory stimuli,
whereas the same region on the right was more related to
the spectral characteristics (Warrier et al. 2009). The right
transverse temporal cortex was shown to harbor denser
and more interconnected columnar structure than the
left transverse temporal region (Sigalovsky et al. 2006).
These differences may result in the significant hemi-
spheric difference in T1 as measured by MRF. Prior func-
tional imaging studies reported differences of activation
patterns between left and right precuneus for highly inte-
grated tasks such as visual–spatial imagery and episodic
memory retrieval (Cavanna and Trimble 2006). Further
studies are warranted to confirm the hemispheric dif-
ference in T1 and T2 in the transverse temporal and
precuneus regions, as well as their anatomo-functional
underpinnings.

The current study has a few limitations. First, the nor-
mative atlases may still contain some potential partial
volume effects from CSF. The pericalcarine region, which
contains primary visual function, did not show signifi-
cantly lower T1 and T2 values compared with the other
brain regions, which is likely due to this reason. Second,
the study focused on the cortical GM and the WM adja-
cent to the cortex. Analysis for the subcortical regions
such as subcortical WM and deep GM using 3D MRF
would be informative for future brain normative atlas
studies for neurological diseases such as Parkinson’s
disease and multiple sclerosis. Third, for the purpose
of estimating T1 and T2 variations across cortical GM
regions on a group level, the atlases were generated using
data from young adult subjects with a narrow age range.
As can be seen from the results, the quantitative T1 and
T2 values were still highly sensitivity to age; therefore,
age-dependent or age-modeled atlases are very much
needed for future studies. Lastly, although the current
study has by far the largest cohort for quantitative MRI
studies in the normal brain, the normative database
could still benefit from additional subjects; future stud-
ies with larger sample size are still needed to confirm our
findings.

Using multiparametric normative relaxation atlases
generated from quantitative MRF-derived T1 and T2

maps, we can differentiate cortical regions with gyrus-
specific differences, especially in the precentral, post-
central, paracentral lobule, transverse temporal, lateral
occipital, and cingulate areas, which contain sensorimo-
tor, auditory, visual, and limbic functions. This supports
the sensitivity of MRF T1 and T2 to cortical regions
with different cyto- or myelo-architectures related to
brain functions. The significant correlation between MRF
values of GM and adjacent WM may support the notion
that they are structurally and functionally related.

The normative relaxation atlases generated in this
study have the potential to provide quantitative, region-
specific, and multiparametric baselines for the detection
of pathological changes associated with neurological
diseases.
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