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MR Imaging of the Human Brain at 1.5 T: Regional
Variations in Transverse Relaxation Rates in the
Cerebral Cortex

Christos S. Georgiades, Ryuta Itoh, Xavier Golay, Peter C. M. van Zijl, and Elias R. Melhem

BACKGROUND AND PURPOSE: Heterogeneity in cortical signal intensity on T2-weighted
MR images has been recently documented. Using a whole-brain, multiecho MR imaging tech-
nique, we sought to determine the T2 relaxation times of nine predefined regionsin the cerebral
cortex and one region in the deep gray matter.

METHODS: Ten adult volunteers (nine men and one woman; age range, 18-40 y; average
age, 30.8 y) underwent whole-brain imaging with an oblique coronal multiecho 3D Carr-Pur-
cell-Meiboom-Gill MR sequence at 1000/25, 50, 75, 100, 125, and 150 (TR/TE). T2 measure-
ments wer e obtained, with variably sized regions of interest, from the primary auditory cortex,
primary visual cortex, caudate nucleus, superior frontal gyrus, inferior temporal gyrus, middle
temporal gyrus, superior temporal gyrus, insula cortex, cingulate gyrus, and hippocampus.
Repeated-measures analysis of variance was used to assess the existence of differencesin T2
measur ements among the anatomic locations.

RESULTS: On the basis of T2 measurements, the gray matter structures examined could be
divided into four statistically different groups. In ascending order of T2 measurements, the
first group consisted of the primary auditory cortex and primary visual cortex; the second
group, the caudate nucleus, superior frontal gyrus, inferior temporal gyrus, middle temporal
gyrus, and superior temporal gyrus; the third group, the insula cortex; and the fourth group,

the cingulate gyrus and hippocampus.

CONCLUSION: Significant variation in T2 values among the cortical gray matter of the

human brain exists.

Regional variations in cellular morphology, cyto-
architecture, water content and diffusivity, iron
concentration, microcirculation, and metabolic ac-
tivity of the human brain cortex have been docu-
mented by using histologic, physiologic, and im-
aging studies (1-16). More recently, heterogeneity
in cortical signa intensity, particularly in the pri-
mary auditory cortex and limbic lobe of the human
brain on T2-weighted fast spin-echo and fast fluid-
attenuated inversion recovery MR images, respec-
tively, have been attributed to these regional vari-
ations (17, 18).
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MR imaging can provide intrinsic tissue param-
eters, such as longitudinal (ie, T1) and transverse
(ie, T2) relaxation times of the human brain, that
are influenced by these variations (19). In vivo
characterization of normal regional cortical varia-
tions in T2 relaxation times may provide insight
into neurologic and psychiatric disorders that alter
cellular morphology, microcirculation, and iron
content (7, 20-23).

Using a whole-brain multiecho MR imaging
technique, we sought to determine the T2 relaxa
tion times of nine regions in the cerebral cortex and
one region in the deep gray matter. The cortical
zones were chosen to represent known variability
in cytoarchitecture, iron concentration, and water
content. Our null hypothesis was that the T2 relax-
ation times of the cortical zones do not differ.

M ethods

MR Imaging

Brain MR imaging was performed with a 1.5-T MR system
(ACS-NT; Philips Medical Systems, Best, the Netherlands)
with a maximum gradient capability of 23 mT/m, slew rate of
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103 mT/m/ms, and a quadrature head coil operating in receive
mode.

The MR imaging protocol included a sagittal T1-weighted
fast field-echo sequence for planning imaging location and an
oblique coronal multiecho 3D Carr-Purcell-Meiboom-Gill
(CPMG) sequence for generating T2 relaxation maps.

For the sagittal T1-weighted fast field-echo MR imaging,
the parameters were as follows: 13/4.6 (TR/TE); number of
signals acquired, 1; flip angle, 20°; matrix, 256 X 128; field
of view, 250 mm; section thickness, 10 mm; and section gap,
10 mm. According to the reference images, oblique coronal
imaging was performed perpendicular to the long axis of the
hippocampus (24, 25). Total brain coverage in the oblique cor-
onal plane was achieved in 19 min 51 s by using a multiecho
3D CPMG MR imaging sequence (26). The sequence consisted
of 12 spin-echo echo-planar segments (separated by 180 re-
focusing pulses), with 11 gradient echoes within each segment.
The parameters were as follows: 1000/50, 75, 100, 125, and
150; matrix, 256 X 132; 55 3-mm-thick continuous partitions;
and rectangular field of view, 256 X 179 mm. The sequence
had built-in crusher gradients to suppress signal from free in-
duction decay generated by the multiple 180° refocusing radio-
frequency pulses. Specially defined 90°—240°-90° refocusing
pulses were used to optimize echo formation while minimizing
occurrence of stimulated echoes. From the 3D CPMG MR
data, pixel-by-pixel T2 relaxation maps were generated by us-
ing alinear (least-squares) fit of the natural logarithmic signal
intensity and the proton spin density simultaneously obtained
from the intercept with a TE of 0 (27).
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Fic 1. First-echo oblique coronal MR im-
ages (1000/25) of the brain, with variably
sized ROlIs placed in the insular cortex (ar-
row) and hippocampus (arrowheads).

a, Multiecho 3D CPMG image obtained
in a healthy volunteer at the level of the
frontal horns of the lateral ventricles.

b, Corresponding pixel-by-pixel T2 map.

Fic 2. First-echo oblique coronal MR im-
ages (1000/25) of the brain, with variably
sized ROls placed in the primary auditory
cortex (arrow).

a, Multiecho 3D CPMG image obtained
in a healthy volunteer at the level of the
bodies of the lateral ventricles.

b, Corresponding pixel-by-pixel T2 map.

Subjects

Ten healthy adult volunteers (nine men and one woman;
average age, 30.8 y; age range, 18-40 y) underwent imaging
with the aforementioned protocol. The institutional internal re-
view board approved the human-subject protocol, and in-
formed consent was obtained from all participating volunteers.

T2 Measurements

T2 relaxation maps and original 3D CPMG images were
transferred to a workstation (Sun ULTRA 2; Sun Microsys-
tems, Mountain View, CA). Two radiologists (C.S.G., R.l.)
manually and independently placed variably sized (range, 3.6—
29.8 mm?) irregularly shaped regions of interest (ROIs) in the
left and right primary auditory cortex, primary visua cortex,
caudate nucleus, superior frontal gyrus, inferior temporal gy-
rus, middle tempora gyrus, superior tempora gyrus, insula
cortex, cingulate gyrus, and hippocampus by using commer-
cially available software (EasyVision releases 4.2.1.1; Philips
Medical Systems). ROIs were according to predefined anatom-
ic locations agreed on by both observers before the initiation
of the study (1, 17). The ROIs were placed on the first echo
images from the 3D CPMG sequence because they provided
the greatest gray-white matter contrast; the intent was to
achieve maximum coverage while avoiding boundaries that
could cause partial volume effects from subcortical white mat-
ter, CSF, and cortical veins (Figs 1 and 2). The ROIs were then
copied onto the corresponding T2 relaxation maps and manu-
aly adjusted on the basis of visual inspection, when necessary.
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Test-retest and interrater consistenciesin T2 measurements in 10 volunteers

T2 Relaxation Times

Coefficient of Reliability
Test-Retest Consistency

Interrater Consistencyt

Anatomic Location (ms) (%) (%)
Primary auditory cortex 75.92 (1.48) 3.0 3.0
Primary visua cortex 77.25 (1.43) 6.6 3.7
Caudate nucleus 83.38 (1.89) 2.6 24
Superior temporal gyrus 84.38 (2.54) 6.0 51
Superior frontal gyrus 87.72 (1.95) 3.6 3.6
Inferior temporal gyrus 87.62 (1.90) 38 41
Middle temporal gyrus 88.17 (1.97) 4.7 4.0
Insula cortex 92.62 (3.36) 5.4 21
Cingulate gyrus 101.50 (1.96) 36 2.6
Hippocampus 103.40 (2.54) 5.7 5.0

* Numbers in parentheses are the SD.

T For interrater consistency, the interval between first and second measurements was 6 wk.

One of the radiologists (C.S.G.) repeated the T2 measurements
from the same T2 relaxation maps after 6 wk to evaluate test-
retest consistency.

Satistical Analyses

A repeated-measures analysis of variance was used to assess
the existence of differencesin the averaged (for two observers)
T2 measurements among the different left and right anatomic
locations. Paired Bonferroni-Dunn post hoc analysis of the an-
atomic locations were then performed. P values of less than
.05 were considered to indicate significant differences. Test-
retest and interrater consistencies for the averaged (by left and
right side) T2 measurements were evaluated by calculating co-
efficients of reliability (two times the SD of the mean of the
difference between two measurements divided by the mean of
both measurements) for each of the anatomic locations.

Results

MR images obtained with the 3D CPMG se-
guence and the corresponding calculated T2 relax-
ation maps showed negligible degrading artifacts
related to motion, pulsatility, and susceptibility.
The average signal-to-noise ratio from gray matter
on the last echo images (TE, 150 ms) was 22.6.

Two hundred T2 measurements were available
from 10 anatomic locations, on both the left and
right sides of the brain, in 10 volunteers. The mea-
surements had a normal distribution.

On the basis of the results of repeated-measures
analysis of variance and paired Bonferroni-Dunn
post hoc analyses, the T2 measurements between
the left and right sides of the brain for the different
anatomic locations did not differ (P > .1). This
finding was true for both observers.

The highest T2 measurement, averaged for ob-
servers and sides, was from the hippocampus
(103.40 ms), and the lowest was from the primary
auditory cortex (75.92 ms) (Table). On the basis of
T2 measurements, the gray matter structures ex-
amined could be divided into four statistically dif-
ferent groups. In ascending order of T2 measure-
ments, the first group consisted of the primary
auditory cortex and primary visual cortex; the sec-
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Fic 3. Bar graph of the mean T2 relaxation times in one deep
gray matter region, the caudate nucleus (CN), and nine cortical
regions: primary auditory cortex (PAC), primary visual cortex
(PVC), superior temporal gyrus (STG), superior frontal gyrus
(SFG), inferior temporal gyrus (/ITG), middle temporal gyrus
(MTG), insula cortex (IC), cingulate gyrus (CG), and hippocam-
pus (HH). On the basis of the T2 values, the gray matter struc-
tures can be divided into four statistically different groups.

ond group, the caudate nucleus, superior frontal gy-
rus, inferior tempora gyrus, middle temporal gy-
rus, and superior tempora gyrus; the third group,
the insula cortex; and the fourth group, the cingu-
late gyrus and hippocampus (Fig 3). In the second
group, the T2 measurements from the superior
frontal gyrus, inferior temporal gyrus, and middle
temporal gyrus exceeded those from the superior
temporal gyrus and caudate nucleus, but they were
not significantly different (Fig 3).

Test-retest consistency in the measurement of
T2, as assessed by means of the coefficient of re-
liability, was best for the caudate nucleus (2.6%)
and worst for the primary visual cortex (6.6%) (Ta-
ble). Interrater consistency was best for the insula
cortex (2.1%) and worst for superior temporal gy-
rus (5.1%) (Table).

Discussion
Although differences in T2 relaxation measures
between gray and white matter are well established,
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studies of variations in these measures among dif-
ferent areas of cortical gray matter are scarce (3,
28-30). Establishing normative variation in T2 re-
laxation measures in cortical gray matter may aid
in diagnosing and assessing the progression of and
the response to therapy for specific neurologic and
psychiatric disorders such as Parkinson disease, Al-
zheimer disease, Huntington disease, and epilepsy
(7, 20—23). In addition, mapping of cortical T2 re-
laxation times may help refine the choice of pulse
parameters, especialy TE, used in functional MR
imaging experiments in different brain regions (15,
16, 31).

Our results confirm previously reported obser-
vations of variation in gray matter signal intensity
on T2-weighted MR images and provide the intrin-
sic tissue parameter (T2 relaxation measure) re-
sponsible for the variation. Specifically, our find-
ings of corresponding differences in T2 relaxation
measures can explain the increases in signal inten-
sity in the hippocampus, cingulate gyrus, and in-
sular cortex on fast fluid-attenuated inversion re-
covery imaging observed by Hira et a (18) and
decreasesin signal intensity in the primary auditory
cortex observed by Yoshiura et a (17). Further-
more, Hiral and colleagues (18) groups of human
brain cortical gray matter, based on similarities in
contrast-to-noise measurements, are similar to ours.
On the basis of findings at visual inspection, Yosh-
iura et a (17) noted that signal intensity from the
primary auditory cortex was lower than that of the
middle and superior temporal gyri, and that the sig-
nal intensity from the superior temporal gyrus was
consistently lower than that of the middle temporal
gyrus. They attributed these differences to estab-
lished variations in the relative development of
granular and pyramida cells among the examined
regions (2, 17). Regarding the difference between
the middle and superior temporal gyri, our results
demonstrate correspondingly higher T2 relaxation
measures from the middle temporal gyrus, with a
trend toward significance (Table and Fig 3). Our
results also are similar to the findings of Whittall
et a (3), which indicated that the T2 relaxation
measures were significantly higher in the insular
cortex and cingulate gyrus compared with those in
other cortical gray matter structures, and to the
findings of Larsson et a (32), which indicated that
in vitro T2 relaxation measures were significantly
lower in the primary visual cortex (calcarine cor-
tex) compared with those of other cortical gray
matter structures.

Variations in T2 relaxation measures of the gray
matter regions evaluated can be attributed to dif-
ferences in cytoarchitecture, nonheme iron concen-
tration, and water content. Five types of cortices
are described on the basis of the relative granular
and pyramidal cell development within the cortical
layers (2): agranular, frontal, parietal, granular, and
polar. That the primary auditory and visual cortices
are of the granular type, which is characterized by
densely packed granular cells (small neurons),
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poorly developed third and fourth laminae, and a
high degree of myelination, may partly explain
their shorter T2 relaxation times (1, 2, 17). A com-
plementary explanation is the well-documented in-
crease in nonheme iron concentrations in the pri-
mary auditory and visual cortices (6, 17, 33).

Differences in water content among cortical gray
matter structures that are related to variations in
cellular composition and extracellular compart-
ment, including vascularization, may partialy ac-
count for the differences in T2 relaxation measure-
ments. The greater total water content in the insular
cortex and cingulate gyrus and the higher density
of capillary network in the hippocampus may part-
ly be responsible for the observed increase in T2
relaxation times in those regions (3, 5). Further-
more, the effect of existent variationsin the amount
of water within myelin bilayers and the differences
in the resting oxygen extraction rates on the T2
relaxation measures of cortical gray matter is neg-
ligible under normoxic conditions at 1.5 T (3, 28,
34).

The multiexponential T2 decay of free water in
a multicompartment environment complicates the
in vivo quantification of brain tissue T2 relaxation
(35). Thus, the accuracy of this measurement isin-
fluenced by the choice of MR pulse sequence and
the method for calculating the T2 relaxation mea-
sures from the MR imaging data.

MR pulse sequences designed to provide accu-
rate in vivo quantification of T2 relaxation mea-
surements must satisfy the following criteria: 1)
elimination of the effects of stimulated echoes on
T2 decay; 2) refocusing of the magnetization in the
selected section, including dephasing related to
time alowed for molecular diffusion through re-
gions of variable magnetic fields; 3) sampling of
sufficient number of echoes to adequately charac-
terize the observed decay; and 4) elimination of the
effects of magnetization transfer on T2 decay (3,
36).

In this study, we used a whole-brain 3D CPMG
MR imaging sequence that was optimized to ad-
dress the first two criteria. To minimize the contri-
bution of stimulated echoes and to improve com-
plete magnetization refocusing, optimized 90°—
240°-90° refocusing pulses were applied by using
the quadrature body coil (for better homogeneity).
In addition, strong crusher gradients were inserted
at either side of every 180° pulse to further dimin-
ish stimulated echo effects on absolute T2 quanti-
fication. Regarding the third criterion, the 3D
CPMG sequence does allow whole-brain imaging
and sampling of a sufficient number of echoes
(more than four) to adequately characterize the ob-
served T2 decay in less than 20 min (3). The mag-
netization transfer effect is practically unavoidable
in multisection MR imaging and only indirectly in-
fluences the absolute T2 relaxation measurement of
agiven tissue. Furthermore, the effect of T2*, orig-
inating from the non-Hahn echoes in each segment
of the CPMG, on the T2 relaxation measurements
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is undetectable, and the diffusion sensitization (b
value) resulting from the readout, phase-encoding,
and crusher gradients implemented in this sequence
is less than 1 ymm? (26). An advantage of the 3D
CPMG sequence is that it drastically reduces the
effect of inflow on T2 decay commonly encoun-
tered in multisection acquisitions; the repeated ex-
citation of a very large volume, and the opposing
effects of even (refocusing) and odd (dephasing)
echoes of the CPMG sequence, help minimize in-
flow-related artifacts (37).

The method for calculating T2 relaxation mea-
surements from image data has been validated with
phantoms and human volunteers (27). Other factors
that can influence the accuracy of the T2 relaxation
measurement are related to volume-averaging ef-
fects. In this study, use of a relatively small image
voxel size (1.0 X 1.3 X 3 mm) and attention to
proper ROI placement by both observers helped re-
duce contamination from adjacent CSF, white mat-
ter, and cortical veins.

The study design did not address a few hardware
and pulse-design issues that may have a modest
influence on our T2 relaxation measurements.
These include measurement of noise introduced
into the T2 values by slight imperfections in the
180° radio-frequency pulses, correction for T1 re-
laxation losses resulting from imaging at a finite
TR of 1 s, and testing magnetic field (B,) homo-
geneity and stability just before each experiment

Q).

Conclusion

We demonstrated significant variation in T2 val-
ues among the cortical gray matter regions of the
human brain a 1.5 T. On the basis of these values,
we were able to divide the examined regions into
four distinct groups with similar morphologic and
physiologic characteristics. We aso presented a
clinically feasible whole-brain multiecho 3D MR
imaging technique that fulfills most of the criteria
for accurate in vivo quantification of T2 relaxation.
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