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Quantification of the Intrinsic T1 and T2 of Heschl’s Gyri
with MR Fingerprinting

Sho Maruyama1, Sayuri Tatsuo1, Soichiro Tatsuo1, Saya Iida1,
Fumiyasu Tsushima1, Satoru Ide2, and Shingo Kakeda1*

Purpose: The human primary auditory cortex is located in the Heschl’s gyrus (HG). To assess the intrinsic
MR property in the gray matter of the HG (GM-HG) with T1 and T2 values using a commercially available
MR fingerprinting (MRF) technique.

Methods: The subjects were 10 healthy volunteers (with 20 HGs; mean age, 31.5 years old; range, 25–53
years old). Coronal T1 and T2 maps were obtained with commercially available MRF using a 3-Tesla MR
system. Two radiologists measured the T1 and T2 values of the GM-HG, the GM in the superior temporal
gyrus (GM-STG), and the GM in the middle temporal gyrus (GM-MTG) by drawing a ROI on coronal
maps.

Results: For both radiologists, the mean T1 and T2 values of the GM-HG were significantly lower than
those in the GM-STG or GM-MTG (P < 0.01). The interobserver reliability using the intraclass correlation
coefficients (ICC) (2,1) showed strong agreement for the measurement of the T1 and T2 values (ICCs =
0.80 and 0.78 for T1 and T2 values, respectively).

Conclusion: The T1 and T2 values on MRF for the GM-HG were lower than those for the GM-STG
and GM-MTG, likely reflecting a higher myelin content and iron deposition in the GM-HG.
Quantitative measurements using the MRF can clarify cortical properties with high reliability,
which may indicate that MRF mapping provides new insights into the structure of the human
cortical GM.
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Introduction

In clinical settings, the identification of the longitudinal
relaxation time (T1) and transverse relaxation time (T2)
may allow the collection of sensitive and complementary
information about the tissue composition (macromolecules,
lipid membranes, and iron) and water concentration.1–3

Recently, Ma et al. proposed a novel imaging approach
known as MR fingerprinting (MRF), which is capable

of simultaneously obtaining multiple important tissue para-
meters from a single MRI scan.4 MRF is based on the gen-
eration of unique signal signatures, termed as “fingerprints,”
for different tissue types based on their underlying MR
properties. Matching the fingerprints to a database of simu-
lated signals (dictionary) allows for parameter mapping of
relaxation parameters, including T1, T2, and T2*.5,6

Compared with other T1 and T2 mapping methods using
conventional MRI approaches,7–10 MRF is reported to have
superior performance with regard to both accuracy and
efficiency.11 Recently, MRF became commercially available
for joint T1 and T2 mapping.

In this study, we focused on the evaluation of intrinsic MR
properties of Heschl’s gyrus (HG) by the estimation of T1
and T2 by MRF because the intrinsic properties of the HG
have been histopathologically and radiologically confirmed
in many previous studies.12–14 The human primary auditory
cortex is located in the posterior part of the supratemporal
plane. Anatomically, it largely corresponds with the trans-
verse temporal gyri, or the HG.12 Previous MR studies have
reported the characteristic shape of the HG on sagittal or
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coronal images;13,14 the HG was anatomically identified as
an Ω- or heart-shaped protrusion in the supratemporal plane
in all subjects. Yoshiura et al. showed that the HG can be
identified by the characteristic low signal intensity of its gray
matter (GM) on T2-weighted imaging (T2WI) due to its
myelin density and iron content.15 Sigalovsky et al. found
low T1 values in the posteromedial GM in the HG (GM-HG)
based on its strong myelination.16 Wasserthal et al. identified
the GM-HG by combining two different complementary
MR contrast modalities (T1- and T2-weighted anatomical
imaging), which enhance the myelin density in the HG-
GM.17 Thus, quantitative measurements or evaluations of
parameters by MRI may enable the identification of tissue
properties (subtle cortical changes) that usually go unrecog-
nized on vision inspection with conventional weighted MR
images. However, their approach seems to require some com-
plicated calculations and a long acquisition time. In this study,
we evaluated the clinical usefulness of T1 and T2 values
obtained with a commercially available MRF technique for
the assessment of the intrinsic MR properties of the GM-HG.

Materials and Methods

Subjects
This study was approved by the institutional review board of
our university hospital. Ten healthy volunteers (10 males,
mean age 31.5 years old, and range 25–53 years old) parti-
cipated in this study, and written informed consent was
obtained before scanning. The study design was approved
by an ethics review board. The healthy subjects had no
history of neurological or psychiatric diseases. All subjects
underwent coronal MRF and coronal R2* mapping in addi-
tion to routine brain MRI.

MRI
MRF was performed using a 3-Tesla MR scanner
(MAGNETOM Vida; Siemens Healthcare, Erlangen,
Germany) with a 64-channel head coil. We performed a 2D
section-selective fast imaging with steady-state precession
(FISP) – MRF sequence that generates T1 and T2 maps by
matching measured signals to a set of simulated signals
called a dictionary, as previously described.5 2D coronal
MRF was scan with the following parameters: TR 12 ms;
TE 2 ms; FOV, 256 mm; matrix, 256 × 256; slice thickness, 4
mm; resolution, 0.76 × 0.76 × 4 mm; bandwidth, 400000
Hz/pixel; number of slices, 34; acquisition time, 11 min 59 s.
The B1 map was imaged before MRF since the MRF dic-
tionary is calculated by performing the Bloch simulation for
each combination of T1, T2, and B1 + parameters.

For quantitative study of brain iron content, R2* mapping
has been used as a standard method.18,19 Recent postmortem
correlation studies have demonstrated that the relationship
with R2* can be linear in regions of more uniform iron
deposition.20 Therefore, for the evaluation of iron contents
in HG, we used R2* value as a reference standard.

Technologically, in our institution, R2* mapping was not
available using the 3-Tesla MR scanner (3T MAGNETOM
Vida; Siemens). Therefore, R2* mapping was performed on
a 3-Tesla MRI system (Signa EXCITE 3T; GE Healthcare,
Chicago, IL, USA) using a dedicated eight-channel phased-
array coil (USA Instruments, Aurora, OH, USA). R2* map-
ping was performed with a 3D flow-compensated multi-echo
spoiled gradient echo (GRE) sequence. The imaging para-
meters included the coronal planes covering the brain, num-
ber of TE, 11; first TE, 4.5 ms; uniform TE spacing, 5 ms;
TR, 58.4 ms; flip angle, 15°; bandwidth per pixel, ± 62.5
Hz; FOV, 22 × 16.5 cm; acquisition matrices, 320 × 416;
slice thickness, 1.5 mm; and imaging time, 7 min 1 s.

Image interpretation
Image quality assessments
The MR images were reviewed in consensus by two neu-
roradiologists (S.K. with 24 years of experience and S.I.
with 15 years of experience). For this study, 20 HGs in 10
healthy subjects were evaluated. The morphology of the
auditory cortex has been described as highly variable, and
there may be two or more HGs in a single hemisphere.13

However, in this study, there were no subjects with compli-
cated morphology of the auditory cortex. First, two neuror-
adiologists assessed the image quality of the coronal T1,
T2, and R2* maps. For the depiction of the GM-HG,
the following scores were used to describe the diagnostic
value: 1, excellent; 2, adequate; and 3, nondiagnostic due to
artifacts (Fig. 1). The radiologists were blinded to the MRI
sequence and resolved all disagreements by a consensus
reading of images.

ROI assessments
The HG was independently interpreted on the T1, T2, and
R2* maps by two radiologists (F.T. with 20 years of experi-
ence and S.M. with 5 years of experience) according to the
anatomical structures.13,14 These images were always eval-
uated in conjunction with the conventional images (coronal
T2WI or FLAIR). The radiologists then manually traced the
ROIs of the GM-HG, which were always circular
(1.25 mm2), and placed them in the posteromedial GM-HG
with histologically localized koniocortex21,22 (Fig. 2). Using
the ROI (1.25 mm2), the GM in the superior temporal gyrus
(GM-STG) and the GM in the middle temporal gyrus (GM-
MTG) were also measured as references (Fig. 2).

Statistical analyses
From the T1 and T2 values, we calculated T1/T2 ratio.

Differences with P < 0.01 were considered to be statistically
significant. For the T1, T2, T1/T2 ratio, and R2* values, a
paired t-test was used to calculate the statistical significance
of the differences (GM-HG vs. GM-STG, GM-HG vs. GM-
MTG). In the GM-HG, GM-STG, and GM-MTG, we also
evaluated differences between the right and left hemispheres
using a paired t-test. Results were corrected for multiple
comparisons by a Bonferroni correction.
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The interobserver reliability in ROI placement for the
quantitative measurements (T1, T2, and R2* values) by two
radiologists was assessed using intraclass correlation coeffi-
cients (ICCs), with ICC (2,1) 0–0.2 indicating poor agree-
ment, 0.3–0.4 fair agreement, 0.5–0.6 moderate agreement,
0.7 0.8 strong agreement, and > 0.8 excellent agreement.23

All statistical analyses were conducted using the R soft-
ware program (CRAN, freeware), and the ICCs were ana-
lyzed using the formula of Shrout et al.24

Results

Image quality assessments
For the depiction of the GM-HG, GM-STG, and GM-
MTG, all images (T1 and T2 maps) obtained with
MRF were scored as excellent on both sides of all 10
subjects (100%, 20/20), whereas the R2* maps were
scored as either excellent (75%, 15/20) or adequate
(25%, 5/20).

Fig. 2 Coronal T1 map with MRF (a) and R2* map (b) show the ROIs used in the quantitative analysis: (I) Heschl’s gyrus, (II) superior
temporal gyrus, (III) middle temporal gyrus. MRF, MR fingerprinting.

Fig. 1 A coronal T1 map (a) and T2 map (b) with MRF show Heschl’s gyrus (arrows). MRF, MR fingerprinting.

MRF Quantification of the Heschl’s Gyri
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ROI assessments
For radiologist 1, the mean T1 (ms) and T2 (ms) values in the
GM-HG were significantly lower than those in the GM-STG
(1336.0 ± 46.4 vs. 1464.8 ± 47.7 for T1 value, P < 0.01;
51.4± 4.34 vs. 60.0± 4.46 for T2 value, P < 0.01) and GM-
MTG (1336.0 ± 46.4 vs. 1499.0 ± 39.3 for T1 value, P <
0.01; 51.4± 4.34 vs. 62.6 ± 4.50 for T2 value, P < 0.01)
(Table 1). The mean T1/T2 ratio and R2* (1/sec) values
in the GM-HG were significantly higher than those in
the GM-STG (26.2 ± 2.41 vs. 24.5 ± 1.75 for T1/T2
ratio, P < 0.01; 18.6 ± 1.19 vs. 16.4 ± 0.75 for R2*
values, P < 0.01) and GM-MTG (26.2 ± 2.41 vs.
24.1 ± 1.56 for T1/T2 ratio, P < 0.01; 18.6 ± 1.19
vs. 15.2 ± 0.82 for R2* values, P < 0.01) (Table 1).

Regarding each average measurement (T1 value, T2
value, T1/T2 ratio, and R2* value) in the GM-HG,
GM-STG, and GM-MTG, there was no significant
difference between the right and left hemispheres (Table 2).

The interobserver reliability assessed using the ICC (2,1)
showed strong agreement for the measurement of the T1 and
T2 value (ICCs = 0.80 and 0.78 for T1 and T2 values,
respectively) and moderate agreement for the R2* value
(ICCs = 0.68).

Discussion

We found that the mean T1 and T2 values in the GM-HG,
which were measured by two different radiologists, were

significantly lower than those in the GM-STG and the GM-
MTG. Regarding the R2* values, the mean value in the GM-
HG was significantly higher than that in the GM-STG and
GM-MTG. The interobserver reliability showed strong
agreement for the measurement of T1 and T2 values. Based
on the histological features described in a previous report,
our results may reflect the iron content25 and degree of
myelination in GM-HG.7,16,21,26

Recent reports demonstrated the utility of T1 and T2
mappings by MRF to discover focal cortical pathologies.
T1 value of cortical GM on T1 map discriminated patients
with Parkinson’s disease from controls with sensitivity
83.3% and specificity 88.0%.27 Keil et al. showed that T1
values in cortical GM were significantly longer in patients
with frontotemporal lobe degenerative dementia than in
controls.28 In the previous epilepsy studies, MRF-based T1
and T2 maps showed potential to identify epileptogenic
lesions from the patients with negative conventional MRI
diagnosis.29,30 For predicting outcomes after mild traumatic
brain injury, T1 value in GM was found to have higher utility
than fractional anisotropy and apparent diffusion coefficient
from diffusion tensor imaging.31 Our study is in line with
these previous studies and our results may emphasize that
information from MRF is a promising new MRI tool to
distinguish microstructural differences in GM.

The T1 value of a given brain voxel is determined by the
physical properties of its underlying tissue and is mainly
dependent on the free water content, iron content, and total

Table 2 Comparison of right and left HG

Radiologist 1
P value

Radiologist 2
P value

right GM-HG left GM-HG right GM-HG left GM-HG

MRF T1 value (ms) 1341.5 (42.2) 1330.4 (52.0) 0.55 1340.5 (25.9) 1336.4 (51.9) 0.81

T2 value (ms) 51.5 (4.79) 51.3 (4.09) 0.92 50.4 (6.04) 48.4 (4.41) 0.33

T1/T2 ratio 26.3 (2.73) 26.1 (2.18) 0.79 26.9 (3.32) 27.8 (2.72) 0.31

R2* value (1/sec) 18.2 (0.79) 19.0 (1.41) 0.16 17.7 (0.67) 18.3 (0.90) 0.11

Data are average value or ratio ± standard deviation. GM, gray matter; HG, Heschl’s gyrus; MRF, MR fingerprinting.

Table 1 Measurements of T1, T2, and R2* values

Radiologist 1 Radiologist 2
ICC(2,1)

GM-HG GM-STG GM-MTG GM-HG GM-STG GM-MTG

MRF T1 value (ms) 1336.0 (46.4) 1464.8 (47.7)** 1499.0 (39.3)** 1338.5 (40.0) 1436.8 (46.2)** 1521.3 (43.0)** 0.80

T2 value (ms) 51.4 (4.34) 60.0 (4.46)** 62.6 (4.50)** 49.4 (5.25) 60.5 (3.62)** 63.2 (5.08)** 0.78

T1/T2 ratio 26.2 (2.41) 24.5 (1.75)** 24.1 (1.56)** 27.4 (2.99) 23.8 (1.32)** 24.2 (1.60)**

R2* value (1/sec) 18.6 (1.19) 16.4 (0.75)** 15.2 (0.82)** 18.0 (0.84) 16.4 (0.68)** 15.2 (0.84)** 0.68

Data are average value or ratio ± standard deviation. **Significantly different from GM-HG (P < 0.01). GM, gray matter; HG, Heschl’s gyrus; ICC,
intraclass correlation coefficient; MRF, MR fingerprinting; MTG, middle temporal gyrus; STG, superior temporal gyrus.
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amount of tissue components and concentrations and types of
macromolecules (e.g. degree of myelination).10 Based on
previous studies, we suspect that this is one of the reasons
that the low T1 value of GM-HG might reflect its heavy
myelination. Our ROIs were placed in the posteromedial
GM-HG with histologically localized koniocortex.21,22 The
koniocortex is an area of especially heavy myelination.32,33

T1 values are highly correlated with myelin content in the
spinal cord34 and brain.35,36 Although, to our knowledge,
there are no combined quantitative MR and quantitative
histology studies directly assessing the T1/myelin correlation
in cortical GM, there is no a priori reason to expect this
relationship to be different. Using R1 (the reciprocal of
T1)-derived myelin mapping techniques, Lutti et al. were
able to identify the auditory core as the medial-to-lateral
decreased area in R1.37 Sigalovsky et al. found that the
temporal lobe regions with high R1 values on spatial map-
pings of R1 always overlapped with the posteromedial
GM-HG, including the koniocortex.16 These previous stu-
dies support our results, where the mean T1 values in the
GM-HG were significantly lower than those in the GM-STG
and GM-MTG.

The brain normally contains several essential metals. Iron
is the most frequently encountered paramagnetic substance in
the healthy brain and is normally present in concentrations
sufficient to affect MR images.38 Many previous studies have
reported T2 shortening in the motor cortex in older neurolo-
gically normal subjects39–41 due to the magnetic susceptibility
effect produced by iron deposition in the brain. Hallgren and
Sourander42 reported that iron staining was observed more
often in the motor cortex than in the other cortices.
Importantly, a quantitative biochemical study showed that
the iron content of the auditory cortex was comparable to
that of the motor.25 This report is consistent with our present
finding, where the mean T2 values in the GM-HG were
significantly lower than those in the GM-STG and GM-
MTG. Furthermore, as well as R2* value, we observed
increased T1/T2 values in the GM-HG, which may also indi-
cate the accumulation of iron.7 In contrast, T2-shortening
effect does not be reflected only by the iron deposition,
heavy myelination may also contribute to T2 shortening.
Water trapped between the myelin layers has a shorter T2
value (20 ms) than that in the intra- and extracellular compart-
ments (80 ms).43 A high concentration of myelin would there-
fore lead to relatively short T2 values. Thus, the relatively
short T2 values in the GM-HG in this study may have been
due to heavy myelination of the GM-HG.

MRF has several advantages over other MRI
approaches,7–10 allowing for superior quantification. Since
the quantification of T1 and T2 values is obtained simulta-
neously using MRF, the effects of motion between scans are
mitigated. In addition, multiple system parameters, such as
B0 and B1 field inhomogeneity, can also be incorporated
into MR signal models so that accurate quantification can
be obtained even in the presence of system imperfections.44

MRF is also less sensitive to subject motion than other
approaches. This is partly due to the usage of a non-
Cartesian spiral readout, leading to better performance in
the presence of motion than with a conventional Cartesian
readout. Moreover, the template-matching algorithm also
helps mitigate the noise-like motion artifacts and thus
improves motion tolerance when using MRF.4 Therefore,
for the measurements with MRF, there is no misregistration
between the T1 and T2 maps due to subject and/or scan
motions. These advantages with MRF are further supported
by our results; the interobserver reliability using the ICC
(2,1) showed strong agreement with regard to the T1 and T2
values. Although many studies have used an axial plane
with MRF, we used coronal MRF images and found high
reliability for the quantification of T1 and T2 values. Our
results suggest that MRF might be feasible as a diagnostic
tool in various neuro-imaging studies, as many important
brain structures, such as the hippocampus, hypothalamic
nucleus, and substantia nigra, are depicted more accurately
on the coronal plane than on the axial plane.

The previous study with young healthy subjects showed
that the volume of the HG was larger in the left hemisphere
than in the right,14 which might be related to the known left-
hemisphere dominance for speech. Furthermore, another
investigator demonstrated that inter-hemispheric comparisons
revealed a greater R1 value in the left HG than in the right HG,
suggesting greater GM myelination in the left auditory
cortex.16 However, we found no significant difference
between the right and left hemispheres. The negative result
may be due to the lower spatial resolution withMRF than with
the previous method (R1map).16 Indeed, our spatial resolution
with MRF was 0.76 × 0.76 × 4.0 mm, whereas that of the R1
map in the previous study was 1.3 × 1.0 × 1.3 mm. Therefore,
further studies with GM-HG using MRF with a high spatial
resolution will be needed in larger samples.

Several limitations associated with the present study
warrant mention. Our study population was small, and we
evaluated only normal young adults. Further investigations
may be needed to determine whether or not MRF can depict
a disease that affects the GM-HG. In this study, we could
not directly evaluate myelin content. Although the previous
study showed that the MRF enabled quantitative measures
of myelin water fraction in human brain,45 we could obtain
only T1 and T2 maps from the commercially avail-
able MRF.

Conclusion

Our results revealed that the T1 and T2 values of the GM-HG
with MRF were lower than those of the GM-STG and GM-
MTG, likely due to the higher myelin content and iron deposi-
tion. We found that the T1 and T2 measurements obtained
with MRF demonstrated excellent interobserver agreement,
indicating that MRF is a reliable tool for quantitative measure-
ment of the brain tissue properties (subtle cortical changes).

MRF Quantification of the Heschl’s Gyri
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These results indicate that MRF mapping in vivo can provide
new insights into the structure of the human cortical GM.
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