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ABSTRACT

SUMMARY: Zero TE MR imaging is a novel technique that achieves a near-zero time interval between radiofrequency excitation
and data acquisition, enabling visualization of short-T2 materials such as cortical bone. Zero TE offers a promising radiation-free al-
ternative to CT with rapid, high-resolution, silent, and artifact-resistant imaging, as well as the potential for “pseudoCT” reconstruc-
tions. In this report, we will discuss our preliminary experience with zero TE, including technical principles and a clinical case series
demonstrating emerging applications in neuroradiology.

ABBREVIATIONS: RF ¼ radiofrequency; SAR ¼ specific absorption rate; ZTE ¼ zero TE

Children in the United States undergo >5 million diagnostic
CT examinations per year. For certain indications (eg, acute

screening and cortical bone assessment), CT remains a first-line
technique. However, adverse effects from radiation are of great
concern and include both deterministic (developmental disrup-
tion, skin damage, cataracts, sterility, radiation sickness) and sto-
chastic effects (cancer, hereditary defects, growth impairment).
These effects are magnified in children due to the increased sensi-
tivity of developing tissues/organs, predisposing conditions that
increase susceptibility, and greater cumulative lifetime risk of
radiation exposure.1 Concerns regarding the adverse effects of
radiation in the pediatric population have prompted the “Image
Gently” campaign.2

Zero TE (ZTE) MR imaging has recently emerged as a prom-
ising alternative technique that achieves a near-zero time interval
between the end of the radiofrequency (RF) excitation and the
start of data acquisition. Unlike the conventional RF pulse
sequences, the ZTE sequence begins a readout period immedi-
ately after the RF pulse, enabling visualization of short-T2 materi-
als (ie, on the order of �1 ms) such as cortical bone (On-line Fig
1).3-6 The ZTE sequence is rapid, high-resolution, silent, and
resilient to artifacts caused by motion and B0 inhomogeneity—
characteristics that are well-suited to pediatric use.7-9 Raw images
demonstrate relative signal void compared with surrounding soft
tissues, colloquially known as a “black-bone” display. There is
computational potential for “bright-bone” reconstructions that
are visually analogous to CT (Figure).10,11 Prior work has demon-
strated the promise of ZTE and its related techniques, ultrashort-
TE and gradient-echo MR imaging, in bone imaging applications,
including craniofacial, temporal bone, jaw, and spine.12-17 Small
clinical case series and ex vivo studies have partially validated
ZTE for cranial vault, trauma, and bone microstructural imag-
ing.18,19 With ongoing MR imaging technical advances enabling
ever-faster scan times and higher contrast/spatial resolution,
there is a potential for this single technique to provide compre-
hensive imaging assessment for patients, a “one-stop shop.” In
this report, we discuss our initial experience with ZTE and pro-
vide multiple examples demonstrating the diagnostic utility of
the sequence for craniofacial bone imaging.

MATERIALS AND METHODS
Technical Considerations
In ZTE, readout gradients are turned on before the RF pulse so
that data acquisition can begin immediately after excitation. This
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requires high-performance coils with rapid transmit/receive
switching capabilities and uses center-out k-space encoding.
With ZTE, the readout gradient is already on during the RF pulse,
precluding conventional section/slab selection. This necessitates a
high-bandwidth excitation with a short-duration hard pulse to
ensure that the excitation is as homogeneous and as consistent as
possible across the entire FOV from repetition to repetition. The
RF excitation is immediately followed by a 3D data acquisition.
Gradients are used continuously and modulated between repeti-
tions to sample data along radial trajectories in k-space, rather
than being rapidly turned on and off. This process minimizes me-
chanical vibration and enables a virtually silent technique. Fully
sampling the k-space with radial trajectories requires significantly
more repetitions (TRs) than an equivalent 3D Cartesian

acquisition. Reduction of total scan
time is achieved with the use of short
TRs and small flip angles for quasi-
steady-state magnetization. Most scan
time is targeted toward data acquisi-
tion, with minimal dead time occurring
during the RF pulse and a single gradi-
ent step (On-line Fig 1).3-6 This feature
permits rapid isotropic scanning with
high resistance to artifacts, including
susceptibility and motion. The tech-
nique uses lower changes in ampli-
tude over time (dB/dt) than con-
ventional sequences; low flip angles
and built-in scanner safety measures
counter the short RF pulse duration that
would otherwise raise concern for a high
specific absorption rate (SAR).9

Patient Indications
Imaging examinations (CT and MR
imaging) were ordered by referring
physicians for various diagnostic indica-
tions, including craniosynostosis, trauma,
head and neck cancer, radiation therapy,
and surgical planning and follow-up.
Sedation or anesthesia or both were used
for imaging only when deemed medi-
cally necessary by the referring clini-
cian. In patients undergoing MR
imaging, ZTE images of the whole
head were acquired using FDA-
approved product hardware (8-chan-
nel brain coil array; GE Healthcare,
Milwaukee, Wisconsin) and software
(Silenz; GE Healthcare).7,8 Imaging
was preferentially performed at 3T
(Discovery MR750w, DV 26.0 software;
GE Healthcare), except for patients with
MR imaging–conditional devices neces-
sitating imaging at 1.5T (Optima
MR450w, DV 26.0 software; GE
Healthcare). The ZTE sequence had the

following parameters: 3D imaging mode with sagittal acquisition;
TE = 0.016ms, FOV = 18� 18 cm, readout matrix = 180 � 180 �
180, section thickness = 1 mm, NEX = 1, receiver bandwidth =
31.25 kHz, flip angle = 2°. These yielded whole-head coverage at a
1-mm isotropic voxel size. Sequence scan time was 2minutes at
3T and 2minutes 30 seconds at 1.5T. Two separate data acquis-
itions were obtained in each patient, for a total imaging time of
4–5minutes. We used 2 relatively short acquisitions rather
than a single acquisition with a higher number of averages to
reduce the overall impact of patient motion. All SAR measure-
ments were confirmed to be within FDA safety limits based on
predetermined scanner settings. The institutional review board
at Mayo Clinic approved retrospective review and analysis of
CT andMR images.

FIGURE. ZTE image display. A, Raw magnitude black-bone images underwent signal intensity
correction on a section-by-section basis with normalization to mean soft-tissue signal. Multi-re-
solution ROI-based correction was then applied to account for residual signal intensity varia-
tions. Logarithmic inversion of the intensity-corrected data yielded bright-bone images.
Histogram subtraction was used to identify and mask the peak signal of air, thus generating the
final pseudoCT image. B, Sample sagittal, coronal, and axial reformats of pseudoCT reconstruc-
tion. C, 3D volume-renderings were generated at a separate workstation.
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Image Postprocessing
By means of a novel technique developed at our institution,
source images underwent postprocessing using an off-line
Matlab code (MathWorks, Natick, Massachusetts) to improve
bone-air differentiation and generate “bright-bone” recon-
structions visually analogous to CT.20 For most patients, both
ZTE acquisitions were averaged to achieve better SNR after
rigid body registration. In cases where 1 ZTE acquisition was
visibly distorted by motion and the other was not, only the ac-
quisition with less motion was used for postprocessing, albeit
with a lower total SNR. Raw magnitude images underwent sig-
nal intensity correction on a section-by-section basis, with
normalization to mean soft-tissue signal within each section.
Multiresolution ROI-based intensity correction was then
applied to account for residual signal intensity variations and
thus reduce overall image noise.21 Logarithmic inversion of
the intensity-corrected data yielded preliminary bright-bone
images, but without optimal bone-air delineation. An intensity
histogram was generated and an intensity mask was selected to
remove the peak signal of air, generating the final pseudoCT
image and enabling generation of 3D volume-renderings at a
separate workstation (Fig 1).

Case Series
Fourteen patients (2months to 17 years of age) were successfully
imaged. The following examples demonstrate that ZTE was quali-
tatively comparable with CT for pre- and postoperative assess-
ment of bony abnormalities of the skull, face, and craniocervical
junction. The additional value of MR imaging was provided for
brain parenchymal and soft-tissue characterization in multiple
instances.

Patient 1 was a 3-month-old boy with left anterior plagioce-
phaly. CT and ZTE comparably demonstrated premature fusion
of the left coronal suture with associated calvarial flattening and
harlequin eye deformity. The remaining cranial sutures were con-
firmed to be patent (On-line Fig 2).

Patient 2 was a 7-month-old girl with Apert syndrome. CT
and ZTE both demonstrated multisuture craniosynostosis with
turribrachycephaly. Gyral remodeling of the inner table (“cop-
per beaten” appearance) was appreciated on both modalities
and reflective of increased intracranial pressure. Intracranial
malformations were more fully depicted on MR imaging
(On-line Fig 3).

Patient 3 was a 2-year-old girl with achondroplasia. CT and
ZTE both demonstrated the characteristic J-shaped sella and fora-
men magnum stenosis. Intracranial abnormalities were more
completely imaged onMR imaging (On-line Fig 4).

Patient 4 was a 6-year-old boy with Saethre-Chotzen syn-
drome. MR imaging was degraded by severe patient motion.
Nevertheless, CT and ZTE both demonstrated craniocervical seg-
mentation abnormality with anterior homeotic transformation
and basilar impression (On-line Fig 5).

Patient 5 was a 7-month-old boy with hydrocephalus post-
shunting with worsening posterior plagiocephaly. MR imaging
was performed at 1.5T for the patient’s MR imaging–compatible
Strata shunt (Medtronic, Minneapolis, Minnesota). CT and ZTE
both demonstrated the course of the shunt catheter. There was

secondary flattening of the right parietal calvaria subjacent to the
shunt valve, without synostosis. No appreciable difference in
diagnostic image quality was observed on the 1.5T scan. Brain
abnormalities were more completely characterized on MR imag-
ing than on CT (On-line Fig 6).

Patient 6 was a 15-month-old girl with Shprintzen-Goldberg
syndrome postshunting. MR imaging was performed at 1.5T for
the patient’s MR imaging–compatible Strata shunt. CT and ZTE
both imaged the entirety of the shunt catheter. Multiple cranio-
facial anomalies were imaged, including pancraniosynostosis,
severe turribrachycephaly, copper beaten skull, midface hypo-
plasia, exorbitism, and basilar impression. No appreciable dif-
ference in diagnostic image quality was observed on the 1.5T
scan. Intracranial malformations were better evaluated on MR
imaging than on CT (On-line Fig 7).

Patient 7 was a 7-month-old boy with atraumatic head defor-
mity. CT and ZTE revealed a Galassi type III arachnoid cyst with
associated calvarial remodeling and intracranial midline shift
(On-line Fig 8).

Patient 8 was a 1-year-old boy with a remote history of a fall
and worsening head deformity. CT and ZTE equivalently dem-
onstrated a leptomeningeal cyst or growing fracture of the
right parietal calvaria with underlying parenchymal encepha-
lomalacia. This presumably represented expansion of a remote
skull fracture with dural injury and chronic CSF pulsations
(On-line Fig 9).

Patient 9 was an 8-year-old boy with chronic epilepsy on anti-
convulsants. CT and ZTE equivalently demonstrated diffuse
hyperostosis with normal sutural, sinonasal, and temporal bone
anatomy for his age. Brain abnormalities were better depicted on
MR imaging (On-line Fig 10).

Patient 10 was a 2-month-old girl with breathing difficulties.
CT and ZTE both showed bilateral choanal stenosis with inward
bowing of the posterior nasal walls. Brain abnormalities were
more readily evaluated onMR imaging (On-line Fig 11).

Patient 11 was a 17-year-old girl with neurofibromatosis
type 1. MR imaging demonstrated orbitotemporal neurofibro-
matosis with left proptosis and transspatial plexiform neurofi-
broma. ZTE confirmed characteristic bone remodeling with
expansion of the left bony orbit and sphenoid wing dysplasia.
Soft-tissue findings were better depicted on MR imaging (On-
line Fig 12).

Patient 12 was an 11-year-old girl with right facial pain and
swelling. CT and ZTE both depicted erosion of the right ptery-
goid plate secondary to a right masticator space mass, biopsied as
alveolar rhabdomyosarcoma. Additional soft-tissue detail was
obtained using MR imaging (On-line Fig 13).

Patient 13 was a 6-year-old boy post-calvarial reconstruction
with a polyether etherketone implant. CT and ZTE comparably
showed the morphology of the cranioplasty and fixating hard-
ware, with minimal image artifacts (On-line Fig 14).

Patient 14 was a 9-year-old girl with facial trauma due to a
motor vehicle collision. Preoperative CT demonstrated a mildly
displaced left zygomaticomaxillary fracture. Following surgical
fixation, ZTE was performed and confirmed anatomic realign-
ment of fracture fragments by fixating hardware, with minimal
image artifacts (On-line Fig 15).
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DISCUSSION
Zero TE is the newest in a series of short-TE approaches, includ-
ing gradient-echo and ultrashort-echo techniques, that can suc-
cessfully image short-T2 structures including cortical bone,
meninges, cartilage, tendons, ligaments, calcium, airway, and
lungs.3-6 Additional intrinsic sequence properties include rapid
imaging times, silent scanning, high-resolution isotropic datasets,
and resistance to artifacts.7-9 The applicability of ZTE for bone
imaging has been successfully demonstrated in small clinical case
series and ex vivo studies of the cranial vault, face, jaw, and spine.12-
19 BecauseMR imaging already provides superior soft-tissue detail,
the addition of a ZTE bone sequence would enable highly efficient
and radiation-free evaluation in several pediatric neuroimaging,
head/neck imaging, and musculoskeletal imaging scenarios.
Inversion recovery techniques can also yield T1-weighted ZTE
images useful for assessing brain and spinal cord myelination, tu-
mor and pituitary imaging, vessels, and airway.22-24 Additional
potential applications include 3Dmodeling and printing,metal arti-
fact reduction, fetal imaging, PET/MRI attenuation correction, radi-
ation therapyplanning, and interventional guidance.25-29

The limitations to wider implementation of ZTE are multi-
factorial and include physician awareness, scanner and hard-
ware compatibility, vendor sequence availability, clinical
workflow, and image postprocessing and analysis. Currently,
there is a major knowledge gap regarding the diagnostic paral-
lels between ZTE and CT. Our preliminary data illustrate that
the 2 modalities provide qualitatively similar bone detail across
a wide variety of neuroimaging pathologies, without any cases
of diagnostic discordance. To definitively evaluate the clinical
utility of ZTE, we are currently conducting a well-powered and
controlled clinical trial to quantitatively evaluate the compara-
tive effectiveness of these 2 modalities. Our hypothesis is that
ZTE is equivalent to CT for neuroanatomic landmark visualiza-
tion across the life span, enables imaging diagnosis across a va-
riety of pathologies, and permits effective anatomic modeling
and interventional planning. In addition, we are investigating
improved techniques for pseudoCT and 3D reconstructions to
facilitate diagnosis. Current vendor-available automated algo-
rithms do not consistently correct for the variable intensities of
developing bone, cartilage, soft tissues, and airway secretions,
creating diagnostic challenges in the pediatric population. At
present, we are working on a semiautomated postprocessing
technique20 and investigating machine learning approaches to
generate improved pseudoCT images.29,30

CONCLUSIONS
ZTE is a promising technique for radiation-free bone imaging with
rapid, high-resolution, silent, and artifact-resistant properties.
Although larger studies will be needed, our preliminary experience
demonstrates the diagnostic utility and clinical applications of this
technique for radiation-free bone imaging.
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