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Purpose: The analysis of the human cerebral cortex and the measurement of its thickness based on MRI data
can provide insight into normal brain development and neurodegenerative disorders. Accurate and repro-
ducible results of the cortical thickness measurement are desired for sensitive detection. This study compares
ultra-high resolution data acquired at 7 T with 3 T data for determination of the cortical thickness of the
human brain. The impact of field strength, resolution, and processing method is evaluated systematically.
Methods: Five subjects were scanned at 3 T (1 mm isotropic resolution) and 7 T (1 mm and 0.5 mm isotropic
resolution) with 3D MP-RAGE and 3D gradient echo methods. The inhomogeneous signal and contrast of the
7 T data due to the B1 field was corrected by division of the MP-RAGE with the GE. ARCTIC, utilizing a
voxel-based approach, and FreeSurfer, utilizing a surface-based approach, have been used to compute the
cortical thickness of the high resolution 3 T and 7 T data and of the ultra-high resolution 7 T data. FreeSurfer

is not designed to process data with a spatial resolution other than 1 mm and was modified to avoid this lim-
itation. Additionally SPM and FSL have been used to generate segmentations which were further processed
with ARCTIC to determine the cortical thickness.
Results and Conclusion: At identical resolution, the cortical thickness determination yielded consistent results
between 3 T and 7 T confirming the robustness of the acquisition and processing against potential field
strength related effects. However, the ultra-high resolution 7 T data resulted in significantly reduced values
for the cortical thickness estimation compared to the lower resolution data. The reduction in thickness
amounts approximately one sixth to one third, depending on the processing algorithm and software used.
This suggests a bias in the gray matter segmentation due to partial volume effects and indicates that true cor-
tical thickness is overestimated by most current MR studies using both a voxel-based or surface-based meth-
od and can be more accurately determined with high resolution imaging at 7 T.
© 2012 Elsevier Inc. All rights reserved.
Introduction

The assessment of structural differences or changes of the human
brain with non-invasive imaging methods allows insight into mecha-
nisms of normal brain development such as during aging or pathologic
processes, e.g. in neurodegenerative disorders. Magnetic resonance imag-
ing (MRI) allows the repeatedmeasurement in cross-sectional or longitu-
dinal studies. Themost commonly appliedmethods for the assessment of
structural brain changes from anatomic MRI data are region-based
volumetry (Forsyth and Ponce, 2002), voxel-based morphometry
(VBM) (Ashburner and Friston, 2000) and cortical thickness mapping
(Jones et al., 2000). Cortical thicknessmapping provides specific informa-
tion about neuronal loss or degradation indicated by thinning of the
cortex (Salat et al., 2004). The MRI data acquisition for current studies
is typically performed on 1.5 T and 3 T systems using a T1-weighted
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3-dimensional sequence, such as magnetization prepared rapid acquisi-
tionwith gradient echoes (MP-RAGE)with an isotropic spatial resolution
of 1 mm. The cortical thickness in the human brain is approximately 1 to
4.5 mmdepending on the brain regionwith an overall average of approx-
imately 2.5 mm (Fischl and Dale, 2000).

Cortical thickness mapping of MRI data requires two major process-
ing steps. Brain volume data are segmented into white matter (WM),
gray matter (GM) and cerebrospinal fluid (CSF). This segmentation
yields surfaces betweenWMandGMand between GMand CSF. The cor-
tical thickness is then calculated as the distance between the WM–GM
surface and the GM–CSF surface. However, there is currently no general-
ly accepted gold standard for in vivo cortical thickness measurements,
primarily for two reasons: First, there is no mathematical standard defi-
nition to estimate the thickness of curved structures. Is the thickness for
example measured perpendicular to the starting point (of the inner or
outer surface) or is it the shortest distance between the two surfaces
and by what metric? Second, post mortem histology cannot provide
reliable measures because fixation of the brain leads to changes of the
cortical structures, such as significant shrinking. Consequently, no in
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vivo reference values of cortical thickness or systematic comparison of
post mortem data with an in vivo estimation is available.

Sub-millimeter accuracy in the determination of cortical thickness
with 1 mm imaging resolution can be achieved since the inner and
outer cortex surface is encoded in a large number of voxels and the
surfaces are assumed to be smooth. However, to our knowledge no
investigation of potential systematic errors in the MRI based cortical
thickness measurements as a function of imaging resolution has been
performed. At 1.5 and 3 T, the spatial resolution of full brain 3D
T1-weighted data is limited to about 1 mm within reasonable scan
time. The increased signal to noise available at 7 Tesla allows higher
resolution acquisitions. It has, however, not been shown if 7 T data can
be used for reliable cortical thickness mapping and if increased spatial
resolution in the source data has an impact on the results of cortical
thicknessmapping. Confounding effects can be expected from the strong
spatial inhomogeneities in signal intensity and contrast due to the varia-
tion of B1 transmit and receive profiles of the RF coils (Schick, 2005). This
has potentially prevented cortical thickness mapping at 7 T thus far.

The goal of this study was to establish cortical thickness mapping at
7 T, perform a quantitative comparison between results based on 3 T
and 7 T data of identical resolution and evaluate the impact of increased
spatial resolution on the cortical thickness estimates.

Materials and methods

Data acquisition

At 3 T, an 8 channel receive head coilwithwhole body excitation has
been used while at 7 T a 24-channel head receive coil with local CP
head-only transmit coil was available (Invivo, Gainsville, FL, USA). MR
imaging at both field strengths included T1-weighted 3Dmagnetization
prepared rapid acquisition with gradient echoes (MP-RAGE) (Mugler
and Brookeman, 1990) and proton density weighted 3D gradient echo
(GE) acquisition with full brain coverage. Both methods were acquired
with an isotropic resolution of 1 mm at 3 T. At 7 T, MP-RAGE and GE
were both repeated with an isotropic resolution of 1 mm and 0.5 mm
to allow evaluation of the effects of image resolution in addition to
potential field strength effects. See Table 1 for sequence parameters.
The protocols were chosen to yield similar contrasts in the 3 T and 7 T
acquisitions.

Participants

Five healthy Caucasian male volunteers with an age between 28 and
45 years (mean: 34±6.9) have been included in the study and were
scanned on a 3 T and 7 T system (Magnetom Trio and Magnetom 7 T
Siemens, Germany, Erlangen). No subjects had any history of neurologic,
neurodegenerative, or psychiatric disorder. The study has been approved
by the local IRB and all participants gave written informed consent prior
to the examinations.
Table 1
The sequence parameters at 3 T and 7 T.

flip angle
[°]

TE
[ms]

TR
[ms]

TI
[ms]

BW
[Hz/px]

Matrix size ToA
[m:s]

3 T (1 mm)
MP-RAGE 7 4.77 2500 1100 140 256x256x192 09:20
3D-GE 7 4.77 2100 140 256x256x192 4:46

7 T (1 mm)
MP-RAGE 5 3.74 2200 1050 170 256x256x176 8:13
3D-GE 5 3.74 1100 170 256x256x176 4:09

7 T (0.5 mm)
MP-RAGE 5 3.27 2600 1050 130 448x448x320 17:08
3D-GE 5 3.27 2290 130 448x448x320 7:54
Because of the long acquisition time for the ultra-high resolution
data experienced subjects were included that had previously proven to
be able to hold still. To further reduce motion their heads were fixated
with foamedmaterial inside the head coils. Additionally the positioning
of the subjects was made as convenient as possible (e.g. pillows under-
neath arms, semi-circular pillow under the knees).

Inhomogeneity correction

Homogeneous signal intensity and contrast are essential prerequi-
sites for automatic segmentation. Especially at 7 T, the inhomogeneous
B1 transmit field generates significant variation across the brain volume.
The 3D GE serves as a reference for inhomogeneity correction of the
intensity and contrast. While variations related to the transmit field,
the receive coil sensitivity and T2* of the tissue are identically represent-
ed in theMP-RAGE and GE acquisition, the T1-contrast generating inver-
sion pulse is adiabatic and therefore homogeneous over large parts of the
brain where the B1 field is sufficiently strong. A correction as proposed
by van de Moortele (van de Moortele et al., 2009) includes division of
the 3DMP-RAGE volume by the 3D GE volume and appropriatemasking
of the background signal (Fig. 1). Prior to division, the MP-RAGE and GE
data sets have been co-registered using SPM8 to correct for potential
displacement between the two measurements.

Software

After the contrast and intensity correction, the data has been
processed with standard software packages. The estimation of the corti-
cal thickness was done within ARCTIC and FreeSurfer by using the de-
fault procedures of both programs with the exception of the ultra-high
resolution data processed by FreeSurfer. FreeSurfer is a stand-alone soft-
ware while ARCTIC is a plug-in for 3D Slicer. FSL and SPM8 have been
used to create segmentations based on the 7 T data which were further
processed with ARCTIC. The cortical thickness estimation results of
FreeSurfer and ARCTIC of all five subjects using different field strengths,
resolutions and segmentation methods have been averaged across the
frontal, parietal and occipital lobe of both hemispheres. The temporal
lobes have been excluded because of hyperintensities at 7 T which lead
to segmentation errors.

Methods of cortical thickness determination
For the comparisonof the results it needs to be considered thatARCTIC

and FreeSurfer utilize very different approaches for cortical thickness
estimation. ARCTIC employs a voxel-based method whereas FreeSurfer
uses a surface-based technique which leads to potentially different
estimation results. A voxel-based approach is naturally more sensitive
to partial volume effects compared to a surface-based approach because
the surfaces are being smoothed, reducing the effects of partially filled
voxels. Consequently surface-based approaches are able to achieve local
subvoxel-accuracy leading to potentially more accurate estimations of
the cortical thickness. ARCTIC determines the cortical thickness by calcu-
lating the Euclidean distance of a Danielsson Distance Map (Danielsson,
1980) created from thebinary segmentationof thewhite andgraymatter.
FreeSurfer estimates the cortical thickness by calculating the shortest
distance from each vertex of the white matter surface to the gray matter
surface. Then the shortest distance from this particular vertex of the gray
matter surface to the white matter surface is calculated. Finally, the corti-
cal thickness is estimated as the average of these two distances (Fischl
and Dale, 2000).

The approach of FreeSurferwas validated against histological analysis
(Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003).
However, there is no published validation for the approach of ARCTIC
with regard to cortical thickness measurements, but other publications
utilizing ARCTIC are available (Hazlett et al., 2011). Further details of
the algorithms can be reviewed on the web-based documentation of
ARCTIC and FreeSurfer and the corresponding publications.



Fig. 1. 3D MP-RAGE, 3D gradient echo and corrected volume (top to bottom) at 7 T with an isotropic resolution of 0.5 mm.

124 F. Lüsebrink et al. / NeuroImage 70 (2013) 122–131
Adjustments of FreeSurfer
The standard processing pipeline of FreeSurfer usually conforms the

input data to an isotropic resolution of 1 mm. It is possible to use an
option which conforms the data to the minimum voxel size, which is
equal in all directions if data with an isotropic resolution is used. There-
fore it is possible to also process data with an isotropic resolution greater
than 1 mm without any down-sampling. However, FreeSurfer is not
designed to process human brain data with such resolutions and there-
fore other difficulties arise. With support of the FreeSurfer team most
of these difficulties had been solved. Regardless of the specified option
the input file was conformed to an isotropic resolution of 1 mm during
the skull stripping stage and up-sampled to the original resolution af-
terwards. This issue was corrected by software modification of the
FreeSurfer staff. A remaining issue is related to the generation of the
subcortical segmentation called “aseg” which fails using data with a
resolution greater than 1 mm3. The subcortical segmentation is not
necessarily needed for the determination of the cortical thickness but
is used in other stages of the processing pipeline (e.g. intensity normal-
ization, identification and removal of the cerebellum, separation of the
hemispheres). To overcome this issue the standard procedure of
FreeSurfer was additionally run with the conformation of the data to
1 mm3. Then the “aseg” was up-sampled to 0.5 mm3 and used with
the other data for the next steps of the processing pipeline. Additionally
the pial surface was smoothed once with the FreeSurfer surface
smoothing tool (mris_smooth) after the extraction as it appeared to
be “crumpled” throughout the cortex.

To compare the 3 T and 7 T results between ARCTIC and FreeSurfer,
the parcellation needed to be changed. The reference atlas of tissue prob-
ability maps within ARCTIC is constructed from 50 healthy adult brain
data sets and a lobe parcellation map. The FreeSurfer package includes
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two atlases for cortical parcellation; the “Desikan–Killany” (Desikan
et al., 2006) and “Desitrieux” (Fischl et al., 2004) atlas. The parcellation
of the “Desikan–Killany”-Atlas within FreeSurfer consists of more labels
than the parcellation of the ARCTIC atlas. Therefore the labels of the
“Desikan–Killany” have been merged according to the lobe mapping
provided on the FreeSurfer website to match those of the ARCTIC stan-
dard atlas.

External segmentations processed with ARCTIC
In addition to the default processing pipeline of ARCTIC, it is also

possible to use an externally created discrete segmentation. In this
study, segmentations generated by FSL (Smith et al., 2004) and SPM
(Ashburner and Friston, 1997) have been included. Thereby, the influ-
ence of different segmentation algorithms on the results of cortical
thickness estimations was evaluated. To ensure comparability between
the SPM and FSL segmentations, the same data pre-processing was
performed. The skull stripping was performed with FreeSurfer as de-
fined in the standard “recon-all” script. This was repeated for the isotro-
pic resolution of 1 mm and 0.5 mm. The skull stripped volumes were
segmented into white matter (WM), graymatter (GM) and cerebrospi-
nal fluid (CSF) with SPM8 and FSL. The default settings were used for
the segmentation with SPM8 and FSL. The separate segmentations for
WM,GMand CSF of FSL have then beenmerged into a single segmented
volume, a so called label map, with 3D Slicer for further processingwith
ARCTIC. The continuous segmentations of theWM, GM and CSF created
by SPM have been binarized using a threshold of greater or equal to
0.25. Afterwards they were also merged into a single segmented vol-
ume of the brain with 3D Slicer to match the labels of ARCTIC.

Data manipulation for further investigation

For the estimation of the effects due to reduced signal to noise ratio
(SNR) and therefore contrast to noise ratio (CNR) of the ultra-high res-
olution compared to the lower resolution data, the SNR in the thalamus
was determined for the MP-RAGE and GE data acquired at 7 T with an
isotropic resolution of 1 mm and 0.5 mm. Zero-mean Gaussian white
noise was added to both isotropic 1 mm volumes to reduce the SNR
to equalize approximately the SNR of the ultra-high resolution data.
Only after this process the inhomogeneity correction by division was
performed. Additionally the ultra-high resolution data were down-
sampled to an isotropic resolution of 1 mm. The cortical thickness
determination of these two modified datasets was repeated by ARCTIC
and FreeSurfer. In addition, segmentations with SPM8 and FSL were
created based on the noise-added and down-sampled data which
then were used as an initial segmentation within ARCTIC.

Results

At the highfield strength of 7 T the anatomical data suffer from inten-
sity variations across the entire brain. These variations disturb the auto-
matic image segmentation techniques significantly. To overcome this, a
recently proposed method by van de Moortele et al. has been used. The
3DMP-RAGEvolume is corrected bydivisionwith a 3D-GE reference vol-
ume of equal resolution of the same subject. Fig. 1 illustrates an example
of this inhomogeneity correction using 7 T data with an isotropic resolu-
tion of 0.5 mm. In Fig. 2 the 3DMP-RAGE at 3 T with an isotropic resolu-
tion of 1 mm and the corrected data of the 7 T system with an isotropic
resolution of 1 mm and 0.5 mm are shown. After the correction the
contrast improved and the inhomogeneities were mostly removed.
However, hyperintensities can be seen in the coronal view in the region
of temporal lobe and in the sagittal view in the lower part of the cerebel-
lum. These hyperintensities occurred due to an incomplete inversion of
the magnetization. Therefore the temporal lobes have been excluded in
all cortical thickness estimations as these hyperintensities potentially
lead to segmentation errors. The inhomogeneity correction by division
was performed at 7 T only. The effect of the inhomogeneity correction
at 3 T for the determination of the cortical thickness was tested for two
subjects and did not show any significant differences in the results com-
pared to the uncorrected MP-RAGE data (data not shown).

The cortical thickness from the high resolution 3 T and 7 T data and
the ultra-high resolution 7 T data was calculated with ARCTIC and
FreeSurfer. SPM8 and FSL were used to generate segmentations which
were processed with ARCTIC. The results of these calculations of all five
subjects can be viewed in Table 2. First the results from the 3 T and 7 T
data with a resolution of 1 mm will be presented, followed by the
comparison of 7 T data with an isotropic resolution of 1 mm and
0.5 mm. Finally, the down-sampled data and the data with artificially
added noise are compared to the 7 T data with a native isotropic resolu-
tion of 1 mm.

Comparing 3 T and 7 T data with identical resolution

Despite the different approaches of ARCTIC and FreeSurfer for the
determination of cortical thickness, both resulted in similar differences
between 3 T and 7 T at an isotropic resolution of 1 mm. Paired
two-tailed t-tests showed no significant differences for the results of
ARCTIC in any region. Paired t-tests of the FreeSurfer results showed
that the small differences in the mean cortical thickness reached statis-
tical significance below 0.05 (not corrected for multiple comparisons)
in all but one region. However, quantitatively these differences were
small and not systematic as the 7 T data resulted in higher or lower
thickness estimation compared to 3 T depending on the region.
Table 2 shows that the differences of the cortical thickness estimation
between field strengths of 3 T and 7 T were below 5 and 10% respec-
tively if the resolution and the processing toolwere identical. In general,
FreeSurfer consistently resulted in an approximately 24% lower cortical
thickness averaged across the entire brain than ARCTIC.

Comparing 7 T data with an isotropic resolution of 1 mm and 0.5 mm

Comparing the 0.5 mm and the 1 mm data at 7 T with the same
segmentation tools, the cortical thickness results were considerably
lower for higher resolution. This is reflected in both, the voxel-based ap-
proach of ARCTIC and the surface-based approach of FreeSurfer. For
FreeSurfer it should be noted that one hemisphere of one subject
could not be processed due to a memory allocation issue which could
not be resolved. In addition, a corrupted surface registration of another
subject's hemisphere resulted in the absence of the frontal pole region
which led to an even higher reduction in the frontal lobe for that sub-
ject. Both lobe results were excluded.

In general, the cortical thickness was systematically reduced at
0.5 mm compared to 1 mm isotropic resolution. The reduction aver-
aged to 30.2% for ARCTIC, 13.7% for SPM8 and 26.8% for FSL using a
voxel-based approach for the determination and 20.6% for FreeSurfer
using a surface-based method. A two-tailed paired t-test, marked
with one asterisks, reveals that this reduction was highly significant
(pb0.01) in all regions for FSL. It is also highly significant for ARCTIC
except for the left parietal lobe, where it still reached significance
(pb0.05). For SPM8 the reduction in the left frontal and right occipital
lobe were again highly significant (pb0.01) and significant in the
other lobes, except for the right parietal lobe which was slightly above
the significance level of 0.05. The two-tailed paired t-test for FreeSurfer
stated that the reduction in all lobes of both hemispheres was signifi-
cant (pb0.05).

Comparing natively acquired 7 T data to down-sampled data

The results of the 0.5 mmresolution 7 Tdata down-sampled to an iso-
tropic resolution of 1 mm and the comparison to the natively acquired
datawith an isotropic resolution of 1 mmat 7 T aremarkedwith a dagger
(†). A two-tailed paired t-test revealed no significant differences between
the down-sampled and the native 1 mmdata in the results of ARCTIC and



Fig. 2. The top (3 T) and middle (7 T) row show data with an isotropic resolution of 1 mm. In the bottom row the data (7 T) has an isotropic resolution of 0.5 mm. Both 7 T volumes
have been intensity corrected by division with a 3D GE.
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FreeSurfer for all regions except for the left parietal lobes. For the segmen-
tation of SPM8 the differences in thickness were significant (pb0.05) in
the occipital lobes only. The differences for the segmentation of FSL did
not reach significance in any lobe.
Comparing natively acquired 7 T data to data with artificially
added noise

The cortical thickness determination from the data with artificially
added noise is marked by a double dagger (‡). The differences were
small and paired two-tailed t-tests showed no significant differences
in any lobe for ARCTIC, FreeSurfer, FSL or SPM.
Visual comparison

The differences of the segmentation methods by ARCTIC, SPM8 and
FSL at an isotropic resolution of 0.5 mm are displayed in Fig. 3. Fig. 4
shows a 3D view of the local cortical thickness overlaid on the pial
surface generated by FreeSurfer. The global reduction of cortical thick-
ness for the higher resolution data is clearly visible. Figs. 5 and 6 show
a colored overlay of the white matter–gray matter and pial surface
on the T1-weighted images with an isotropic resolution of 1 mm
and 0.5 mm. While the segmented surface visually follows the white
matter–gray matter border more accurately for the high resolution
data, the segmented pial surface results are less obvious. The pial sur-
face from high resolution data generally follows the contour well but

image of Fig.�2


Table 2
Mean cortical thickness in mm, standard deviation across the subjects in mm and paired t-test of five healthy male Caucasian adults processed with ARCTIC and FreeSurfer using
data with a natively isotropic resolution of 1 mm acquired at 3 T and 7 T, data with a natively isotropic resolution of 0.5 mm, data with an isotropic resolution of 1 mm
down-sampled from 0.5 mm (†) and data with added noise to match the SNR of data with an isotropic resolution of 0.5 mm (‡). Paired two-tailed t-tests were performed between
3 T and 7 T data (p), between 1 mm3 (7 T) and 0.5 mm3 data (p*), between 1 mm3 (7 T) and 1 mm3 (†) data (p**) and between 1 mm3 (7 T) and 1 mm3 (‡) data (p***).

Left Hemisphere Right Hemisphere

Frontal Parietal Occipital Frontal Parietal Occipital

ARCTIC 1 mm3 (3 T) 3.57±0.02 2.95±0.14 2.82±0.14 3.56±0.10 3.02±0.12 2.94±0.18
1 mm3 (7 T) 3.56±0.17 2.85±0.32 2.69±0.36 3.63±0.14 2.99±0.29 2.80±0.23
0.5 mm3 2.44±0.30 2.22±0.33 1.79±0.22 2.46±0.21 2.22±0.23 1.80±0.19
1 mm3 (†) 3.59±0.14 3.23±0.14 2.68±0.22 3.66±0.24 3.25±0.10 2.82±0.24
1 mm3 (‡) 3.78±0.20 3.08±0.17 2.85±0.22 3.79±0.17 3.02±0.23 2.82±0.20

p 0.9350 0.4740 0.4190 0.4200 0.7840 0.2610
p (*) 0.0012 0.0247 0.0014 0.0004 0.0063 0.0003
p (**) 0.8110 0.0530 0.9670 0.8760 0.1010 0.9600
p (***) 0.2580 0.0700 0.3710 0.0880 0.7920 0.9180

FreeSurfer 1 mm3 (3 T) 2.67±0.09 2.36±0.09 2.01±0.09 2.62±0.07 2.42±0.10 2.04±0.07
1 mm3 (7 T) 2.52±0.13 2.29±0.06 2.20±0.05 2.51±0.10 2.41±0.09 2.27±0.11
0.5 mm3 1.90±0.20 1.88±0.17 1.76±0.13 1.94±0.20 1.98±0.25 1.81±0.20
1 mm3 (†) 2.56±0.11 2.44±0.11 2.19±0.13 2.56±0.09 2.47±0.10 2.13±0.13
1 mm3 (‡) 2.51±0.10 2.28±0.06 2.23±0.06 2.51±0.09 2.42±0.06 2.27±0.06

p 0.0340 0.0450 0.0080 0.0360 0.7800 0.0320
p (*) 0.0211 0.0439 0.0169 0.0168 0.0454 0.0271
p (**) 0.4230 0.0040 0.9630 0.3550 0.1500 0.1990
p (***) 0.7750 0.5610 0.1750 0.6970 0.5480 0.9900

SPM8 1 mm3 (7 T) 2.85±0.09 2.69±0.13 2.60±0.08 2.89±0.08 2.72±0.19 2.66±0.14
0.5 mm3 2.60±0.04 2.31±0.12 2.21±0.24 2.61±0.12 2.31±0.16 2.12±0.19
1 mm3 (†) 2.94±0.14 2.67±0.35 2.35±0.21 2.89±0.21 2.67±0.34 2.31±0.17
1 mm3 (‡) 2.88±0.24 2.62±0.16 2.46±0.14 2.90±0.30 2.64±0.12 2.41±0.12

p (*) 0.0075 0.0290 0.0329 0.0109 0.0570 0.0080
p (**) 0.2754 0.8823 0.0424 0.9608 0.7964 0.0005
p (***) 0.8882 0.5539 0.0610 0.9827 0.5315 0.0511

FSL 1 mm3 (7 T) 2.41±0.19 2.25±0.16 2.28±0.18 2.51±0.22 2.40±0.14 2.47±0.18
0.5 mm3 1.80±0.06 1.79±0.12 1.62±0.15 1.82±0.13 1.82±0.14 1.58±0.13
1 mm3 (†) 2.63±0.30 2.45±0.15 2.50±0.18 2.75±0.35 2.62±0.26 2.59±0.21
1 mm3 (‡) 2.50±0.39 2.34±0.37 2.46±0.26 2.60±0.39 2.53±0.30 2.70±0.24

p (*) 0.0017 0.0023 0.0012 0.0026 0.0028 0.0004
p (**) 0.2361 0.1086 0.1758 0.2257 0.1740 0.3058
p (***) 0.5652 0.5591 0.1890 0.5062 0.2358 0.1314
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a few small scale contour errors are notable. To reduce these small
errors the pial surface was smoothed once.

Discussion

In this study, 3D T1-weighted anatomic data sets of five healthy adult
Caucasians have been analyzed. They were acquired with an isotropic
resolution of 1 mm and 0.5 mm at field strengths of 3 Tesla and 7
Tesla. The cortical thickness has been determined with different tools
for segmentation and calculation. To our knowledge, this is the first
report on cortical thickness mapping with ultra-high resolution data at
7 T with systematic investigation of the effects of field strength and
resolution.

The cortical thickness determined from 3 T and 7 T data was very
similar for identical resolution and processing tools (Table 2). The quanti-
tatively low but statistically significant differences of FreeSurfer followed
no consistent trend. At 7 T the thickness was marginally reduced in the
frontal and parietal region, but is increased in the occipital lobes of both
hemispheres. A similar bias has been shown in a previous study between
1.5 T and 3 T for FreeSurfer (Han et al., 2006). An increased variability
in local cortical thickness was not only detected across different field
strength, but also across different scanner platforms. FreeSurfer is very
sensitive to the contrast of gray and white matter. Therefore, a slight
regional difference in the contrast between 3 T and 7 T data may influ-
ence these cortical thickness results. It remains to be investigatedwhether
minor adjustments of the sequence or processing parameters can fur-
ther reduce this difference that is not seen with ARCTIC. The cortical
thickness reported in the literature is in a range between 1 mm and
4 mm (Brodmann, 1909; von Economo and Koskinas, 1925; Zilles,
1990). The mean of the in vivo cortical thickness results in recent stud-
ieswere between 2.5 mm to 3.1 mm(Fischl and Dale, 2000; Haidar and
Soul, 2006; Hutton et al., 2008; Jones et al., 2000; Kabani et al., 2001).
These values are also confirmed by our measurements at 3 T and 7 T
with an isotropic resolution of 1 mm.

A significantly reduced thickness has beendetermined from the data
with an isotropic resolution of 0.5 mm compared to 1 mm at 7 T
(Table 2). This reduction was one forth to one third across the entire
brain independent of the segmentation method used. The significance
level for the SPM results was lower than for the other two methods,
although a clear difference in the mean was still detected. The reduced
significance and lower reduction compared to the other methods seem
to originate from the continuous segmentations of SPM which needed
to be binarized, using a threshold of greater or equal to 0.25.

Since a large number of cortical thickness measurements are aver-
aged for one brain region, unbiased statistical errors in the segmentation
of gray matter should not lead to a systematic resolution dependent
difference in cortical thickness as a function of imaging resolution.
However, a systematic preference in the assignment of a voxel on the in-
terface between white and gray matter or between gray matter and ce-
rebrospinal fluid is a possible explanation for the resolution-dependent



Fig. 3. Different tools used to segment gray matter of 7 T data with an isotropic resolution of 0.5 mm. Top to bottom: ARCTIC, SPM8 and FSL.
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behavior. The results suggest that a voxel is more likely to be assigned to
cortical graymatter even if the partial graymatter volume in this voxel is
less than 50%. A systematic overestimation of the cortical thickness
would follow for lower resolution data. This is supported by the lower
variation between the different segmentation methods at higher spatial
resolution (Table 2). In addition, the cortical thickness is reduced inde-
pendent of the segmentation tool at higher resolutions. Assuming this
cause for the differences, it is expected that the cortical thickness
values converge to an unbiased value at even higher resolutions.

The results of the down-sampled data and the data with the added
noise (Table 2) additionally support the accuracy of the results based
on the ultra-high resolution data. The differences in the cortical thick-
ness estimations of both data sets compared to the unmodified 7 T
data were very low for FreeSurfer. The differences between the
down-sampled data and the unmodified 7 T data with ARCTIC were
also very low. However, in the data with added noise ARCTIC consis-
tently yielded higher cortical thickness values, although the increase is
still below 6%. It can be concluded that FreeSurfer is less prone to
noise than ARCTIC. The results of the down-sampling and by adding ar-
tificial noise show that the estimation of the cortical thickness based on
the higher resolution data is not caused by reduced signal to noise ratio
and therefore contrast to noise ratio or by contrast variations between
the 1 mm and 0.5 mm 7 T data. This further supports the conclusion
that the partial volume effect is likely the most prominent cause for
the reduction of cortical thickness at higher resolution.

As mentioned in the introduction there is no gold standard for the in
vivomeasurement of cortical thickness based onMRI data. An additional
challenge arises from the contrast generation in MR. The boundary
between white and gray matter is determined by the cytoarchitecture,
whereas T1-weighted contrast is strongly linked to myeloarchitecture,
and to a lower extent to cytoarchitecture. The boundaries of the myelo-
and cytoarchitecture do not always fully align (Eickhoff et al., 2005).
This misalignment leads to potentially false cortical thickness estima-
tions based on T1-weighted MR data. Therefore sequence parameters

image of Fig.�3


Fig. 4. 3D models of the pial surfaces generated by FreeSurfer with a colored overlay of the local cortical thickness in mm. The top row shows the pial surfaces of the left and right
hemisphere based on data with an isotropic resolution of 0.5 mm and the bottom row with an isotropic resolution of 1 mm; both data sets have been acquired at 7 T.
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might need to be adjusted to also reflect the cytoarchitecture for optimal
conditions to measure true cortical thickness.

Figs. 5 and 6 display the quality of the surface reconstruction of the
isotropic 0.5 mm data in comparison to the 1 mm data. The subtle
differences of the data and of both surfaces can clearly be seen in these
images. However, no systematic direction of displacement in respect to
the white–gray matter or pial surface is obvious. As noted, FreeSurfer is
currently not designed to process human brain data with an isotropic
resolution other than 1 mm3. Although the quality of the white matter
surface based on the high resolution appears to be more accurate com-
pared to the lower resolution, there are a few issues related to the pial sur-
face determination, especially in the region of the frontal pole (Fig. 4)
where some “artificial roughness” of the surface is apparent. Further stud-
ies are required to determine whether these issues can be resolved by
modification of the processing pipeline parameters of FreeSurfer prior
Fig. 5. Axial slice of one subject with a colored overlay of the white matter–gray matter bou
the right image of 0.5 mm.The red contour represents the white matter–gray matter bounda
matter–gray matter boundary based on the isotropic 0.5 mm data. Both data sets have bee
to the surface generation or by optimizing the data acquisition. It may
also be needed to slightly modify the processing pipeline for higher reso-
lution data for example by topological fixing of the pial surface (instead of
smoothing) to ensure an anatomically correct representation.

In this study, the correction of inhomogeneities due to RF-field
variations across the brain was performed by division with a separate
3D GE acquisition. Another method for the correction of signal and con-
trast inhomogeneity is offered by the sequence MP2RAGE (Marques
et al., 2009), which integrates the acquisition of the 3D GE. It is a self
bias-field corrected sequence for improved segmentation and T1-
mapping at high field. The total scan time, however, is similar to the sep-
arate acquisition employed in this study. While the T1-weighted and
reference data are naturally aligned inMP2RAGE, the total motion sensi-
tivity for a longer scan may be higher. With two separate acquisitions,
the single measurements may be less motion sensitive and a potential
ndary generated by FreeSurfer. The left image has an isotropic resolution of 1 mm and
ry based on the isotropic 1 mm data, whereas the yellow contour represents the white
n acquired at 7 T.
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Fig. 6. Axial slice of one subject with a colored overlay of the pial surface generated by FreeSurfer. The left image has an isotropic resolution of 1 mm and the right image of
0.5 mm.The red contour represents the pial surface based on the isotropic 1 mm data, whereas the yellow contour represents the pial surface based on the isotropic 0.5 mm
data. Both data sets have been acquired at 7 T.
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spatial offset is corrected by realignment between the scans. The in-
creased echo train length in the 0.5 mmacquisitionmay result in slightly
lower effective resolution in the partition encoding direction due to
broadening of the point-spread-function in this direction compared to
the shorter echo train length of the 1 mm acquisition. However, such ef-
fects would reduce the difference between the resolutions and therefore
the findings in this study would underestimate the cortical thickness
differences.

Cortical thickness mapping of the temporal lobes was not included
in this study because of incomplete inversion in parts of the temporal
lobes and cerebellum. In these regions, the adiabatic condition was
not met due to insufficiently low B1 amplitude. However, improved
coil design, better RF-shim and parallel transmission are just a few
examples of possibilities for further improvement; not only in the
temporal lobes but also in improving the overall image quality at 7 T.

The software packages used to process the data are freely available
and widely known within the neuroimaging community. If not men-
tioned explicitly the default parameters of each software toolkit were
used and nomanual adjustments have been introduced to allow compa-
rability and reproducibility. SPM8 and FSL have primarily been used to
generate segmentations. ARCTIC was used for segmentation purposes
and for the estimation of the cortical thickness based on all other seg-
mentations and for both resolutions. FreeSurfer was used to compare
the results at 1 mm resolution. In case of the ultra-high resolution of
0.5 mm, the results of FreeSurfer should be interpreted with some cau-
tion as FreeSurfer is neither programmed nor officially meant to process
human brain data with another resolution than 1 mm3. This may have
resulted in the segmentation issues noted. In addition, this may limit
its application to very high resolution data, especially for local cortical
thickness analysis (e.g. frontal pole, temporal lobe), but the effect on
global cortical thickness estimates for an entire lobe should be small.
Therefore, the inclusion of these results provides further support for
the results of the voxel-based data as they follow the same trend.

It can be concluded that higher spatial resolution leads to a potential-
lymore accurate segmentation due to reduced partial volume effects and
lower graymatter bias. The cortical thickness estimation from ultra-high
resolution 7 T data is strongly reduced compared to lower resolution
data and hypothesized to be more accurate than previous in vivo ap-
proaches. Other potential confounds, such as image SNR and contrast
or the influence of the segmentation and cortical thickness calculation
tool, have been excluded as amajor contributor to the differences. Future
studies will show if this improvement also leads to higher detection sen-
sitivity for small pathologic changes in brain structure.
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