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Abstract
Introduction This contribution presents a magnetic resonance
imaging (MRI) acquisition technique named Tissue Border
Enhancement (TBE), whose purpose is to produce images
with enhanced visualization of borders between two tissues
of interest without any post-processing.
Methods The technique is based on an inversion recovery
sequence that employs an appropriate inversion time to pro-
duce images where the interface between two tissues of interest
is hypo-intense; therefore, tissue borders are clearly represented
by dark lines. This effect is achieved by setting imaging
parameters such that two neighboring tissues of interest have
magnetization with equal magnitude but opposite sign; there-
fore, the voxels containing a mixture of each tissue (that is, the

tissue interface) possess minimal net signal. The technique was
implemented on a 7.0 T MRI system.
Results This approach can assist the definition of tissue bor-
ders, such as that between cortical gray matter and white
matter; therefore, it could facilitate segmentation procedures,
which are often challenging on ultra-high-field systems due to
inhomogeneous radiofrequency distribution. TBE allows de-
lineating the contours of structural abnormalities, and its ca-
pabilities were demonstrated with patients with focal cortical
dysplasia, gray matter heterotopia, and polymicrogyria.
Conclusion This technique provides a new type of image
contrast and has several possible applications in basic neuro-
science, neurogenetic research, and clinical practice, as it
could improve the detection power of MRI in the char-
acterization of cortical malformations, enhance the con-
tour of small anatomical structures of interest, and fa-
cilitate cortical segmentation.

Keywords Anatomical imaging . Inversion recovery . Tissue
interface . Cortical malformations . Ultra-high-fieldMRI

Introduction

Inversion recovery (IR) preparation in magnetic resonance
imaging (MRI) allows the suppression of undesired signal
originating from one specific tissue by varying the time of
inversion (TI): for example, in neuroimaging studies, fat is
suppressed by using a short TI (STIR [1]), while cerebrospinal
fluid (CSF) is suppressed by using a long TI (FLAIR [2]). This
contribution presents an IR sequence that aims to produce
images where the border between two tissues of interest is
suppressed, appearing as a dark line. The appearance of hypo-
intense lines at tissue interfaces is incidentally observed when
the TI is systematically varied, as it is the case in longitudinal
relaxation time T1-mapping techniques [3]: in the literature,
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this phenomenon is referred to as bounce point artifact [4] and
was used to assess the magnitude and distribution of partial
volume effect in MRI [5]. The purpose of the approach
presented here, which we will refer to as Tissue Border En-
hancement (TBE), is to use this phenomenon to enhance the
visualization of the borders of anatomical structures of inter-
est, such as the interface between cortical gray matter (CGM)
and white matter (WM). The development of this technique
was motivated by the necessity to overcome some limitations
that affect standard imaging protocols: especially on MR
systems operating at high field, where the radiofrequency
(RF) wavelength is comparable to the size of the object under
investigation, images tend to exhibit undesired variations in
intensity and tissue contrast [6–8]. New developments in
multi-channel RF coils [9–11] used with parallel transmission
[12, 13] and RF shimming [14, 15] have mitigated this issue;
however, the complexity and cost of the hardware required
necessitate that this technology is only slowly being intro-
duced to all ultra-high-field systems. On the other hand, TBE
employs a universally available IR sequence with operator-
modified parameters and no sequence programming or dedi-
cated hardware is required.

Methods

Theory and ex vivo acquisitions

The basis of TBE will be explained by means of the example
depicted in Fig. 1. The same slice of an ex vivo human brain
was repeatedly acquired with an MR950 7.0 T system (GE
Healthcare, Milwaukee, WI, USA) equipped with a two-
channel transmit/receive birdcage coil (Nova Medical, Wil-
mington, MA, USA). The TI of a spin-echo (SE) IR sequence
was systematically varied between 70 and 2,000 ms (TI=70,
100, 150, 200, 250, 300, 400, 500, 600, 800, 1,000, 1,300,
1,600, 2,000 ms), while all other parameters were kept con-
stant: time of repetition (TR)=3,000 ms, time of echo (TE)=
10 ms, receiver bandwidth (RBW)=31.3 kHz, field of view
(FOV)=160×160 mm2, slice thickness=2 mm, and matrix
size=128×128. By varying the TI, images were characterized
by different contrasts, depending on the values of the magne-
tization of each tissue at different TI, as shown in the three
examples depicted in Fig. 1a. Figure 1b illustrates the origin of
the different voxel intensities in CGM and WM as a function
of TI: the magnitude signal is always positive, while the
longitudinal magnetization can be negative as well: the longi-
tudinal magnetization of each tissue is zero at TI=TInull, and
for TI<TInull, the longitudinal magnetization is negative,
while for TI>TInull, it is positive. If the TI is chosen such that
two neighboring tissues have longitudinal magnetization with
equal magnitude Δ but opposite sign (as it is the case, in our
example, for CGM and WM at TI=200 ms), the voxels

containing an equal number of protons of each tissue will
not provide any signal. In images acquired in this way, the
voxels covering the border between the two tissues will be
hypo-intense with respect to the two tissues (Fig. 1c). This
technique can be applied to any desired couple of neighboring
tissues, provided that they are characterized by different T1
relaxation times.

The optimal TI for TBE (which we will call TITBE) could
be, in principle, computed numerically as a function of all
other parameters, as shown in the “Appendix,” where it is
demonstrated that TITBE depends not only on the tissue relax-
ation times (which in turn depend on static field B0, temper-
ature, etc.) but also on sequence parameters TR and TE. Due
to the large amount of variables, it would always be preferable
to calculate TITBE on the basis of repeated measurements with
the same sequence parameters and varying TI, as in Fig. 1b, in
order to account for effects that are possibly not represented in
the analytical model. For the acquisition scheme of “fast”
spin-echo inversion-recovery (FSE-IR), which is used in the
in vivo acquisitions described below, actual measurements are
necessary for choosing the proper TITBE; otherwise, the com-
plexity of analytical approaches describing tissue magnetiza-
tions would increase unreasonably in order to take into ac-
count the influence of the train of 180° pulses and echoes
occurring at different TEs. Other important factors that impose
TITBE calculation via actual measurements instead of
analytical/numerical approaches relate to the difference be-
tween nominal and actual RF pulses. The transmitted RF field
B1 is not homogeneous within the FOV, and this characteristic
becomes more pronounced as the static magnetic field B0
increases. Especially at ultra-high fields, nominal and actual
flip angles may considerably differ in different regions of the
FOV: for example, a pulse that is intended to act as an
inversion pulse across the whole FOV may actually under-
flip the magnetization in some regions, and over-flip it in
others. Adiabatic inversion pulses are generally tolerant of
B1 variations only above a particular threshold; however,
below the adiabatic threshold, these pulses are often quite
sensitive to B1 amplitude variations and B0 variations [16].

In vivo acquisitions

MRI data were acquired on human volunteers, with the un-
derstanding and written consent from each subject in accor-
dance with the protocol approved by the competent ethic
committee, and in compliance with national legislation and
the “Code of Ethical Principles for Medical Research Involv-
ing Human Subjects of theWorldMedical Association” (Dec-
laration of Helsinki). In total, 13 subjects were scanned with
the 7.0-T system, equipped with a 2-channel transmit/ 32-
channel receive coil (Nova Medical, Wilmington, MA,
USA). A FSE-IR sequence to depict the interface between
WM and CGM in vivo was used with the following
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parameters: TR=4,875 ms, echo train length (ETL)=9, nom-
inal TE (nTE)=7.8 ms, FOV=220×220mm, matrix size=
512×512, slice thickness=2 mm, spacing between slices=
3.5 mm, RBW=62.5 kHz, and TITBE=700 ms. TITBE was
chosen on the basis of repeated image acquisitions with vary-
ing TIs and otherwise identical parameters, as described above
for the ex vivo sample.

Results

In this section, we present examples of TBE acquired on both
healthy volunteers and patients using a 7.0-T MRI system.

Application of TBE in vivo

The TITBE calibration procedure for this sequence type
(FSE-IR) and parameters (TR, ETL, nTE, RBW) was
necessary only once, on one subject only. Once identi-
fied, the same TI was used for all other subjects: the
same TBE phenomenon was observed in all of them,
also at different spatial resolutions. Figure 2 displays
one representative example of FSE-IR acquisition ob-
tained in a healthy subject: the border between WM and
CGM is precisely represented by hypo-intense voxels by
using TITBE=700 ms. The duration of this sequence was
4′48″ and allowed the acquisition of six axial slices
with in-plane resolution=0.43×0.43 mm.

Fig. 1 The same slice of an ex vivo human brain acquired using a SE-IR
sequence at 7.0 T with three different TI is represented in a. In b, image
intensities of voxels of cortical gray matter (CGM, displayed in dark
gray) and white matter (WM, light gray) for different TIs are represented
by dots connected by thick broken lines. Polarity-restored data are
depicted in thin lines and represent the magnetization of each tissue.

For TI=200 ms, the magnetizations of CGM andWM have approximate-
ly the samemagnitude (Δ) and opposite sign. The image contrast obtained
for TI=200 ms is represented in c. The white rectangles highlight the
voxels (three for CGM and three for WM) whose intensities were aver-
aged and used to construct the plot in b
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Application I: highlighting the contour of structural
abnormalities

Figure 3 illustrates that in the presence of structural abnormal-
ities, TBE imaging could provide useful information in addi-
tion to those acquired by standard sequences. Images in Fig. 3
depict a patient with focal cortical dysplasia (white circle). In
this type of structural abnormality, the main characteristic is
disruption of cortical lamination with blurring of the gray-
white matter junction [17]. As a consequence of this poor
delineation, one of the main challenges for the neurosurgeon
is the as complete as possible resection of the dysplastic area,
which is considered an essential condition for achieving sei-
zure freedom. TBE (Fig. 3a) helps define the border of the
dysplastic tissue, which is often difficult to assess by visual
inspection only, thereby adding useful detail to morphological
inspection obtained with other available techniques (e.g., fast
spoiled gradient recalled (FSPGR) echo, depicted in Fig. 3b).

Application II: assisting segmentation

Besides studying the fine architecture of lesions and cortical
abnormalities, another use of the new contrast provided by
TBE images is in the field of automated detection of tissue
interfaces and, therefore, segmentation of brain images. As
shown in Figs. 3b and 4b, standard T1-weighted
FSPGR data often provide poor contrast in the occipital
cortex, especially on high-field MRI systems where
inhomogeneities of the RF field and receiving coil pro-
files are present [6–8], and the border between WM and
CGM is poorly delineated. In this case, a clear repre-
sentation of the interface between the two tissues of
interest would not be possible, and contrast-based algo-
rithms for tissue segmentation would either fail or pro-
duce inaccurate results. On the other hand, TBE images
accurately represent the WM-CGM interface (Figs. 3a
and 4a) and can be used for automated detection of
tissue interfaces and segmentation. In-house algorithms
that rely on the hypo-intense representation of tissue
borders in TBE (Fig. 3c) could provide a better seg-
mentation than intensity-based algorithms and obviate
the limitations inherent to ultra-high-field systems and
multi-coil receiving arrays (e.g., in the area highlighted
by green circles in Fig. 3 and enlarged in Fig. 4).

Application III: assisting clinical protocols studying cortical
malformations

Figure 5a, c depict a patient with intractable epilepsy
due to gray matter heterotopia. TBE clearly represents
the borders of heterotopic cortex, including the identifi-
cation of areas of merging with overlying normal cortex
(indicated by pink arrow).

Fig. 2 Example of in vivo TBE acquisition at 7.0 T: the border between
WM and CGM is precisely represented by a black line. TR=4,875 ms,
nominal TE=7.8 ms, TI=700 ms, in-plane resolution=0.43×0.43 mm

Fig. 3 TBE imaging provides useful information in addition to standard
sequences. In TBE (a), the border between WM and CGM in a patient
with focal cortical dysplasia (white circle) is precisely represented by a
black line; for comparison, see the same slice acquired with a T1-

weighted FSPGR sequence (b). In-house algorithms, which rely on the
hypo-intense representation of tissue borders provided by TBE, precisely
detect the WM-CGM interface throughout the field of view (c, red line)
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Another malformation of cortical development in which
TBE might prove useful is polymicrogyria (Fig. 5b). In this
malformation, the cortex exhibits a pebbled surface, with
fusion of adjacent microgyri, and is thickened or thinned,
often merging with normal cortex [18]. TBE provides a
better depiction of cortical folding and the undulated
profile of the WM-CGM junction with respect to T1-
weighted FSPGR (Fig. 5d), thereby allowing a proper
assessment of gyral shape and classification of the se-
verity and extent of the malformation.

Discussion

The development of TBE was motivated by the necessity to
overcome some limitations that affect standard imaging at
high field, where images tend to exhibit undesired variations
in intensity and tissue contrast [6–8]. A related approach,
WM-nulling, has recently been demonstrated with magneti-
zation prepared rapid acquisition gradient echo (MPRAGE) at
7.0 T to enhance intra-thalamic contrast but the authors re-
ported some difficulties in mitigating blurring effects due to a
distorted point-spread function [19]. An alternative technique
has recently been proposed, based on the ratio of two image
contrasts (MPRAGE and proton density gradient echo) inter-
leaved within a single scan [20]. This sequence, named
MP2RAGE [21], produces T1-weighted images with minimal
inhomogeneity and has been proved useful in several
applications [22–24]; however, it is not a product pro-
vided in all MRI scanners, and its implementation re-
quires extensive programming.

On the contrary, TBE employs a universally available IR
sequence with operator-modified parameters and no sequence
programming is required. TBE allows for immediate, facili-
tated visualization of borders between two tissues of interest
without any additional post-processing procedure; hence, “en-
hanced” images are immediately visible in real time. TBE can
assist the interpretation of other standard sequences and might
be employed to facilitate anatomical segmentation, brain mor-
phometry, and measurements of cortical thickness. Moreover,
this contribution suggests that TBE has the potential to im-
prove detection power in cases of cortical atrophy and
malformations of cortical development.

Limitations

It is worth considering potential limitations of this method: we
demonstrated that TBE can perform better than standard
gradient-echo sequences employed for assessing WM-CGM
anatomy (Figs. 3, 4, and 5); however, inhomogeneities of the
transmitted field B1 may lead to erroneous delineation of
tissue interfaces. The issue of inhomogeneous B1 is common
to all imaging sequences and is more pronounced at ultra-high
fields than on standard systems and affects IR-prepared se-
quences in particular (including, for example, TBE, FLAIR,
etc.) because both inversion and excitation pulses might differ
from their nominal values. However, this issue was not ob-
served in the acquisitions conducted in the present study.

Issues related to the specific absorption rate (SAR) must be
taken into account, as well, mainly because of the presence of
the inversion pulses. First-level controlled operating mode at
7.0 Tmay limit the number of slices: theMR system computes
conservative estimates of the SAR through routines provided
by the manufacturer, which guarantees patient safety. Recent
methods for the estimation of SAR [25] suggest that these

Fig. 4 Images a and b represent enlarged versions of the occipital cortex
around the region indicated by green circles in Fig. 3. Green arrows
indicate that TBE produces a clear CGM-WM delineation in regions
where standard FSPGR provides ambiguous information

Fig. 5 Image a shows a TBE image of macronodular gray matter
subcortical heterotopia involving the right frontal lobe. The borders of
the irregularly distributed heterotopic cortex are clearly represented,
including large contiguous nodules spanning from the ventricular wall
to the cortical surface (pink arrow). Image b is taken from a patient with
polymicrogyria using TBE. Here, TBE helps delineating the distribution
of the malformation, which is often diffuse or has a patchy distribution
with areas of cortical thickening and overfolding, adjacent to areas of
thinning. Proper assessment of the abnormal morphology is essential for
classifying the severity and extent of the malformation and differentiating
it from other malformations of cortical development featuring abnormal
cortical migration and layering. The upper left portions of images a and b
are compared to FSPGR acquisitions in c and d, respectively
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default built-in calculations are actually over-conservative;
therefore, power limitations might be relaxed in the future,
should these new approaches to SAR calculation be approved
for use in human experiments. Adopting parallel transmit
technology might favor the implementation of TBE, as it
might improve B1 homogeneity and reduce local SAR hot
spots [12–15].

Finally, the results presented in this contribution are
limited to 2D acquisitions. To obtain datasets with no
spacing between slices, we propose the employment of
a protocol that includes two separate scans that use
identical parameters and with interleaved slice prescrip-
tion for imaging a volume without any gap, which
would also minimize cross talk [26]. Work is also
underway to investigate a 3D implementation of TBE.

Applications

TBE has several possible applications in diagnostics
and, as a consequence, in neurogenetic research and
basic neuroscience. For instance, TBE can improve the
ability of MRI in depicting the interface between white
and gray matters by assisting the interpretation of stan-
dard imaging techniques, such as FSPGR, in anatomical
regions characterized by poor contrast (Figs. 3 and 4).
TBE has proved useful also in the fine assessment of
the anatomy and extent of malformations of the cerebral
cortex (Fig. 5). More accurate anatomic characterization
in this category of patients translates into more accurate
phenotyping that will in turn favor more meaningful
genetic studies and subsequent functional studies [27].

Ad hoc image-processing algorithms that exploit this
type of contrast are currently being optimized for
computer-aided detection (CAD) of cortical atrophy
and dysplasia. Reliable delineation of the borders of
cortical dysplasia is of paramount importance for the
accurate planning of invasive pre-surgical investigations
in candidates for epilepsy surgery or, according to avail-
able clinical information, to reduce the need for invasive
investigations by clearly demonstrating the limits of the
anatomic area to be removed.

In gray matter heterotopia, TBE might find a role
correctly delineating the borders of the macroscopic
architecture of the cortical folding. The TBE capability
to single out normally migrated cortex from subjacent
islands of heterotopic gray matter might be particularly
useful in the pre-surgical assessment of patients with
nodular heterotopia and intractable focal seizures who
are potential candidates for surgical treatment of epilep-
sy. In these patients, planning of the surgical strategy is
particularly complex as the epileptogenic zone always
includes heterotopic tissue as well as normally migrated
cortex [28]. Since the functionally active areas of

representation for eloquent cortical function are unpre-
dictably distributed between normally migrated and het-
erotopic gray matter [27], TBE in combination with
functional MRI may improve delineating the distribution
of eloquent cortex and planning invasive neurophysio-
logical investigations, which are often necessary to
guide excision of the epileptogenic tissue [28].

Accurate assessment of the morphological interface be-
tween gray and white matters is particularly important for
classifying different malformations of cortical development
such as, for example, pachygyria or polymicrogyria, for the
purpose of genetic testing and counseling, and for planning
molecular genetic investigations directed at identifying new
causative genes [27].

Possible areas of future work could be the use of different
TIs to enhance diverse tissue interfaces in pathological struc-
tures, such as tumors.

In conclusion, TBE could provide valuable additional in-
formation complementing those given by standard neuroim-
aging acquisition protocols. TBE enhances the contour of
small anatomical structures of interest, facilitating their radio-
logical identification, and it improves the detection power of
MRI in the characterization of cortical malformations, as well
as assisting segmentation.
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Appendix

The optimal TI for TBE (TITBE) can be determined for any
pair of neighboring tissues of interest by imposing the follow-
ing relationship:

−S 1ð Þ TITBEð Þ ¼ S 2ð Þ TITBEð Þ ð1Þ

where S (1) and S (2) are the polarity-restored signal inten-
sities of the two tissues of interest. In the simplest
scenario where a standard SE-IR sequence is employed
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(as in the example in Fig. 1), the signal intensities can
be approximated by the following:

S 1ð Þ∝PD 1ð Þ⋅ 1−2e−TI=T1
1ð Þ� �

1− e−TR=T1
1ð Þ� �

⋅e−TE=T2
1ð Þ ð2Þ

where PD(1), T1(1), and T2(1) indicate proton density, longitu-
dinal relaxation time, and transverse relaxation time, respec-
tively, of one of the two tissues. By substituting Eq. (2) into
Eq. (1), it follows:

−PD 1ð Þ⋅ 1−2e−TITBE=T1
1ð Þ� �

1−e−TR=T1
1ð Þ� �

⋅e−TE=T2
1ð Þ

¼ PD 2ð Þ⋅ 1−2e−TITBE=T1
2ð Þ� �

1−e−TR=T1
2ð Þ� �

⋅e−TE=T2
2ð Þ

ð3Þ

where (1) and (2) refer to the two tissues of interest.
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