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1  |   INTRODUCTION

There exists a variety of tissues with short transverse re-
laxation times T2 or T∗

2 in the sub-millisecond range, such 
as bone,1,2 teeth,3,4 lung,5–7 or myelin.8–10 Imaging of such 

components requires rapid spatial encoding and early sig-
nal acquisition,11 which are two traits of zero-TE (ZTE) 
MRI.12,13 In the ZTE pulse sequence, a radial readout 
gradient is activated before RF excitation to immediately 
encode transverse magnetization, whereas MR signal is 
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probed as soon as possible after switching the RF chain 
from transmit to receive state.

This sequence design poses two major challenges: (1) 
RF excitation is spatially selective, which must be coun-
teracted by using high-bandwidth pulses (i.e., either short 
hard or longer frequency-swept pulses); and (2) the early-
encoded signal cannot be detected during excitation and 
until the RF chain is in receive state. Data missed during 
this dead time leads to a central gap in k-space and must 
therefore be complemented to avoid related image arti-
facts. This can be accomplished either during image re-
construction as in algebraic ZTE,12 or with additional 
acquisitions at lower gradient strength as in pointwise en-
coding time reduction with radial acquisition (PETRA),14 
water-suppressed and fat-suppressed proton projection 
MRI,15 or ZTE with hybrid filling.16

The latter three techniques have shown promising re-
sults, but the extra scan time required lowers their SNR ef-
ficiency, and artifacts related to discontinuous T∗

2 weighting 
in k-space may occur.17 Furthermore, the additional acqui-
sitions necessitate adjustments of gradient amplitude that 
increase acoustic noise and eddy currents, thus impairing 
some of the intrinsic beneficial features of the ZTE sequence.

On the other hand, algebraic ZTE is limited to dead-
time gaps up to approximately three Nyquist dwells 
dt = 1∕BW  (with imaging bandwidth BW), beyond which 
large amplification of noise and out-of-band signal oc-
curs.18 Hence, at large BW , as required for high-resolution 
imaging of short-T2 tissues, only short RF pulses can be 
used, thus imposing limits on achievable flip angles and 
thereby potentially on SNR and contrast.

In this work, a new strategy is introduced for algebraic 
ZTE MRI that allows elimination of the contribution of 
the RF pulse from the dead time. This is achieved by giv-
ing the pulse an active role in spatial encoding by exploit-
ing its property of correlating neighboring data, similar 
to coil sensitivities in parallel imaging. The concept goes 
beyond current mere pulse correction approaches14,19,20 
by using excitation with slightly differing RF pulses and 
an accordingly expanded signal model, which enables re-
covering signal missed during the pulse-related dead time. 
Bandwidth limitations are then exclusively given by the 
time to switch from transmit to receive operation. In this 
way, the novel pulse-encoded ZTE (PE-ZTE) technique 
permits the use of longer excitation pulses.

The PE-ZTE method was implemented by the acqui-
sition of two full ZTE data sets with pulses differing by a 
small off-resonance. In this way, the minimum scan time 
is doubled, but the SNR efficiency is preserved or even im-
proved due to a potentially increased steady-state magneti-
zation by using larger flip angles. The latter also permits the 
creation of T1 contrast, thus widening the range of applica-
tions of algebraic ZTE MRI while maintaining its beneficial 

properties. The feasibility of PE-ZTE is demonstrated on 
long-T2 and short-T2 phantoms as well as in head imaging, 
confirming the expected improvements in SNR and T1 con-
trast as compared with conventional algebraic ZTE.

2  |   METHODS

Figure 1 shows the basic 3D radial ZTE sequence, in which 
after ramping up the gradient, RF excitation is performed 
with either short hard pulses of maximum duration of ap-
proximately 1∕BW  or longer sweep pulses. From data sets 
obtained in this manner, images can be reconstructed by 
algebraic treatment,12,21–23 which is also the basis for PE-
ZTE and therefore summarized subsequently.

2.1  |  General reconstruction strategy

To reduce computational demands, ZTE reconstruction is 
split into two steps (Figure 2): (1) recovery of missing sam-
ples by linear combination of acquired data along each ra-
dial direction, and (2) 3D image reconstruction.

For the first step, the signal equation is written in 
matrix-vector form as s = E�, with the acquired radially 
oversampled signal s, the encoding matrix E, and the pro-
jection � of the object along the encoding gradient direc-
tion. Then an intermediate one-dimensional (1D) image 
�̂ = Fs is reconstructed using the pseudoinverse of the 
encoding matrix F = E†. The corresponding reconstructed 
data ŝ  includes the initially missed signal and is com-
puted by Fourier-transforming the intermediate image: 
ŝ = iFT �̂ = iFT Fs. The entire 1D procedure can there-
fore be assembled in a single linear operation by using a 
matrix of coefficients as follows18:

such that ŝ = Cs.
The second step consists of a standard 3D reconstruc-

tion for non-Cartesian data that includes gridding of all 
reconstructed 1D spokes ŝ  onto a Cartesian grid, followed 
by 3D Fourier transform to image space, optionally com-
bined with an iterative conjugate gradient algorithm for 
improved density correction.24

2.2  |  Encoding matrices

2.2.1  |  ZTE with hard pulse

Using short hard pulses permits the assumption of in-
stantaneous excitation in creating a single coherence that 

(1)C = iFT F
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evolves as one line in k-t space (Figure 3A). In this case, 
the encoding matrix is described by

with ± indicating the polarity of the readout gradient G , 
k-space variable k = �Gt, acquisition time t, and position 
variable r. Indices m and j identify the discrete samples in 
k-space and image space, respectively.

The first k-space point acquired after the dead-time gap 
is

where the labels p and T∕R indicate the individual con-
tributions from pulse and transmit-receive switching, 
respectively.

2.2.2  |  ZTE with sweep pulse

At limited RF power, larger flip angles than with a hard 
pulse may be achieved by using modulated RF excita-
tion using a frequency sweep over BW .20,25 However, a 
frequency-swept pulse induces an approximately quad-
ratic phase in image space that needs appropriate cor-
rection. To this end, it may be represented as a train of 
discrete hard pulses with complex amplitude, each creat-
ing its own coherence (Figure 3B).21 Thus, several coher-
ences exist at the same time and all contribute to the total 
MR signal. The latter can then be viewed as the result of 

the convolution of a single coherence with the pulse shape 
p(t) (Supporting Information A), and acquired samples are 
correlated over a period equal to the total pulse duration 
2Δtp. For the sweep case, the encoding matrix expands to

where pl (l = 1, 2⋯,L) is the discretized pulse shape, L is the 
total number of pulse samples and tm is the time after the 
pulse center when the mth data point is acquired. The first 
acquired data sample contains k-space information down to

which is independent on pulse duration.
This signal model for extended pulses requires the 

definition of boundary conditions at the borders of the 
k-space support to handle excessively modulated coher-
ences (Supporting Information A).21 Throughout the pres-
ent work, the established option of neglecting the latter 
was chosen.

Despite the refined signal model including pulse infor-
mation and reaching in k-space down to ΔkT∕R, in practice, 
sweep ZTE reconstruction hits similar limits as ZTE with 
hard pulses. In fact, as long as a single pulse is considered in 
the signal model, it can be shown (Supporting Information 
A) that inverting the forward model of Equation 4 is equiv-
alent to first reconstructing an image assuming instanta-
neous excitation and then correcting for the pulse in image 
space by division with the pulse spectrum. Hence, the pulse 

(2)E±
m,j

= exp
(

± i kmrj
)

(3)kgap = � G
(

Δtp +ΔtT∕R
)

= Δkp +ΔkT∕R

(4)E±
m,j

=
∑

l

pl exp
(

± i �
(

tm − � l
)

Grj
)

(5)kgap = � G
(

Δtp +ΔtT∕R −Δtp
)

= ΔkT∕R,

F I G U R E  1   Zero-TE (ZTE) pulse sequence. (A) After ramping up the gradient G, RF excitation is performed and data are acquired 
after the dead time Δt (here, 6 Nyquist dwells dt), which includes half the pulse duration Δtp and the transmit-receive switching time ΔtT∕R . 
(B) The 3D k-space (one central plane shown) is probed radially in a center-out fashion by varying the gradient direction. However, due to 
the dead time, a spherical region of radius kgap surrounding the origin cannot be accessed and needs to be complemented in a suitable way. 
Abbreviation: BW , bandwidth
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information is only considered after the image has been re-
constructed and is therefore ineffective in retrieving data 
missed during the pulse.

Note that application of the signal model introduced 
for sweep excitation in case of pulses without frequency 
modulation corresponds to the hard-pulse approach but 
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with correction for intensity variations associated with fi-
nite pulse duration similar to Grodzki et al.26

2.3  |  ZTE with pulse encoding

To enable actually using pulse information for gap filling, 
multiple pulses need to be present in the signal model. 
In this case, separate pulse correction in image space 
cannot work anymore and the pulses join in for gap fill-
ing (Supporting Information A). To implement this con-
cept, we propose acquiring all data twice, each time with 
a different pulse. In this way, each acquisition contributes 
equally to the SNR, as with ordinary averaging. The encod-
ing matrix becomes

which corresponds to stacking of two matrices as defined in 
Equation 4, each holding a different pulse with index q.

By adding a second pulse in the signal model, well-
conditioned reconstruction becomes feasible, with only 
little dependence on pulse length. However, the choice 
of a suitable pulse pair is critical to achieve optimal 
conditioning.

Three main factors must be considered for pulse selec-
tion. First, as always for ZTE techniques, excitation should 
be sufficiently uniform over the whole 3D FOV,26 a feature 
that can be provided by sweep pulses. Second, the flip an-
gles for the two acquisitions should be very similar to pre-
vent differences in signal levels. Hence, either the pulse 
length should be kept constant or the pulse power needs 
to be adapted. Third, the pulses should be sufficiently di-
verse to add independent information to the signal model. 
With the mentioned restrictions on pulse length and am-
plitude, the easiest way to make the two pulses different is 

(6)E±

(q,m),j
=

∑

l

pq,lexp
(

± i �
(

tm − � l
)

Grj
)

,

F I G U R E  2   Zero-TE image reconstruction. For hard-pulse ZTE, the raw data s are acquired once and the encoding matrix E is 
computed assuming finite support (i.e., that all signal stems from inside the FOV). No pulse information is introduced into the signal model. 
The missing data are extrapolated per direction in one dimension (1D) by multiplication with the matrix C = iFT F (with the inverse Fourier 
transform operator iFT and the pseudo inverse of the encoding matrix F). Then, gridding and Fourier transform are used to reconstruct the 
final 3D image. For sweep ZTE, the reconstruction procedure is identical to ZTE, except that the pulse shape is introduced into the signal 
model, primarily to correct for the pulse phase. For pulse-encoded ZTE (PE-ZTE), the new approach differs from sweep ZTE in that (1) raw 
data are acquired twice with identical pulses apart from off-resonances ±Δf , and (2) the knowledge about the two pulses is included in E

F I G U R E  3   Radiofrequency pulses in the ZTE signal model. (A) In hard-pulse ZTE, a single coherence is assumed to be created 
by an infinitely short pulse at t = 0. As the gradient strength is kept constant during encoding, the created coherence evolves along 
a linear trajectory in k-t space (k = �Gt). Data acquisition is only possible after the dead time Δt that includes half of the actual 
pulse duration Δtp and the transmit-receive switching time ΔtT∕R. Hence, the k-space can only be probed at k-values larger than 
kgap = Δkp + ΔkT∕R = �G

(

Δtp + ΔtT∕R
)

. (B) In sweep ZTE, the pulse can be considered a series of L infinitely short hard pulses sent at t = � l 
(with l = 1, 2, . . ,L) with complex amplitudes p (�), each creating its own coherence. In this way, the data acquired at a given time are the 
sum of coherences associated with different k-space locations, which span a range of 2Δkp. Hence, the same k-space point appears with 
different weightings in several data points over a duration 2Δtp, where the weightings are the complex amplitudes of the subpulses. In 
addition, the inner k-space information located in a region of size Δkp is acquired during a period Δtp following the pulse (green region). 
Note that subpulses are shown on the grid of the sampled data for convenience but may also be described on another grid, provided that the 
Nyquist criterion is fulfilled
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to modify their phase, which can be done by shifting their 
center frequency.

The consequences of such a shift are illustrated in 
Figure 4, where off-resonances of +Δf  and −Δf  are added 
to the frequency of a sweep pulse. As can be seen, an off-
resonance shifts the pulse phase along both frequency and 
time (i.e., horizontally). Phase offsets (vertical shifts) also 
arise but are negligible (Supporting Information B), as they 
are readily removed from the data. However, the magni-
tude of the pulse spectrum is also shifted. Hence, to obtain 
uniform and similar excitation over the entire FOV, the 
frequency shift applied to each pulse should remain small 
compared with the imaging bandwidth BW = � GFOV

. In this work, rules for selecting the off-resonance are 

developed based on the condition number of the encoding 
matrix.

2.4  |  Data acquisition

Imaging experiments were carried out on a 3T Achieva 
MRI scanner (Philips Healthcare, the Netherlands). 
Radiofrequency signal was created with a BLA-1000 am-
plifier (Bruker Biospin, France) with maximum output 
power of 1000 W, using either hard or hyperbolic secant 
sweep pulses for excitation.20 Complementary short-T2 
optimized hardware included transmit-receive switches 
capable of switching in approximately 3 µs at 3 T,27 a 

F I G U R E  4   Shapes and spectra of RF sweep pulses with off-resonance. Left: Two pulses of same duration (10 dt) but different off-
resonances of ±Δf  in their center frequency. Pulse amplitude A, phase �, and normalized frequency f ∕BW  are plotted as functions of time 
t∕dt expressed in Nyquist dwells dt. As opposed to the amplitude, which is unaffected by the off-resonance, both frequency and phase of the 
two pulses are shifted relative to each other. They are separated by tshift∕dt= TLin2Δf  (Supporting Information B), with the time TLin it takes to 
sweep the frequency linearly over the imaging bandwidth BW . Right: The pulse spectra, obtained by Fourier-transforming the pulse shapes, 
represent the excitation profiles in frequency and spatial domain. The applied off-resonances shift both magnitude and phase along the 
frequency axis, separating the two profiles by fshift∕BW = 2Δf ∕BW . Abbreviation: iFT, inverse Fourier transform
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largely 1H-free birdcage resonator28,29 and a custom-made 
spectrometer with up to 4-MHz acquisition bandwidth.30 
To take into account distortions introduced by the RF 
chain, pulses were measured with a pickup loop placed at 
a distance of approximately 1 m to the birdcage, using the 
same spectrometer and sampling as for MR data. A total 
of 10 000 averages were obtained during a total measure-
ment time of 5 seconds. Only one of the two pulses per ex-
periment was measured, and the second one was derived 
by applying the appropriate off-resonance.

Phantom images were taken on 1-L bottles filled with 
water and 3 mmol/L CuSO4 and 0.15 mol/L MnCl2 added, 
providing transverse relaxation times of several millisec-
onds and 77 µs, respectively. In the phantom experiments, 
the power of pulses of different length was adjusted such 
as to obtain equal flip angles according to the model of 
Kunz et al.31 In vivo experiments were performed on a 
healthy volunteer according to applicable ethics approval 
and with written informed consent. Here, the flip angle 
for conventional ZTE was given by the hard pulse duration 
adjusted to BW  and the available RF power. For PE-ZTE, 
the same power was used and the sweep pulse duration 
was maximized within constraints given by power depo-
sition. For direct comparison of ZTE and PE-ZTE images, 
their total scan time was matched by adapting the number 
of averages. All imaging parameters are listed in Table 1. 
Additional noise data were acquired for SNR calculations.

2.5  |  Image reconstruction

The reconstruction pipeline of PE-ZTE is equivalent to 
ZTE and sweep-ZTE (Figure 2). The only difference lies 
in the information provided in the encoding matrix E , 
which includes two measured pulses in the case of PE-
ZTE (Equation 6). Image SNR was calculated in two ways 
(Supporting Information C): (1) Local SNR was calculated 
by dividing the average intensity in a small 2D homogene-
ous region of interest (ROI) by the SD of the signal in the 
same ROI; and (2) global SNR was calculated by dividing 
the average intensity in a large 3D ROI by the SD of a re-
constructed noise image in the same ROI.

3  |   RESULTS

To investigate the sensitivity of PE-ZTE reconstruction 
to model violations such as noise or aliasing in depend-
ence on the selected pulse off-resonance Δf , the condition 
number of the encoding matrix E was used as a signifi-
cant and easily computable indicator. Figure 5A shows 
that the condition number plotted as a function of the 
off-resonance varies with pulse duration. However, a T
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first minimum always occurs near tshift = 0.5dt, i.e., when 
the time shift tshift of the pulse phase as associated with 
Δf  (Figure 4) equals half a Nyquist dwell. For the present 
case of two pulses with duration TLin of the linear fre-
quency sweep and with off-resonances ±Δf , it holds that 
tshift = TLin2Δf dt (Supporting Information B). Hence, the 
near-optimal off-resonance is

Figure 5A also shows that the width of the valley en-
closing the first minimum increases for decreasing pulse 
duration. Hence, for short pulses, the conditioning will 
be adequate over a broad range, and the smaller off-
resonances should be preferred to favor uniform excitation.

In Figure 5B, the condition number is plotted as a func-
tion of the pulse duration for hard-pulse ZTE, sweep ZTE, 
and PE-ZTE. For the former two, the condition number 
increases exponentially and the pulse duration is limited 
to 2–3 dt. Around 15–20 dt, conditioning for sweep ZTE 
starts to improve again because neglecting excessively 
modulated coherences becomes effective (Supporting 

Information A), but it remains prohibitive. In PE-ZTE, 
conditioning is almost independent of the pulse duration, 
proving that the information lost during excitation can in-
deed be retrieved.

To gain a deeper insight into the mechanisms of ZTE 
reconstruction, Equation 1 was used to observe the coef-
ficients of the linear combination applied in getting re-
constructed k-space from acquired k-space, as illustrated 
in Figure 6A for a gap of 6 Nyquist dwells. Figure 6B-D 
shows the coefficients used by the reconstruction to com-
pute the positive missing k-space points from the acquired 
data using different ZTE methods. Similar behavior is ob-
served for excitation with a single hard or sweep pulse, 
confirming that sweep ZTE also uses predominantly fi-
nite support assumption to retrieve missing data. In these 
techniques, coefficients are extremely large, making them 
highly sensitive to model violations.

In contrast, in PE-ZTE (Figure 6D), the nonzero k-space 
points (k∕dk = 1–5) are reconstructed primarily from data 
located in a range of 5 dt following the dead time Δt as 
expected from the signal model (Figure 3B). However, the 
k-space center (k∕dk = 0) is reconstructed similarly as in 
sweep ZTE, i.e., showing relatively large side lobes (but 
still small in absolute numbers) over a wide data range of 

(7)Δfopt =
0.25

TLin
.

F I G U R E  5   Conditioning of ZTE reconstruction. For both plots, calculations were made with ΔtT∕R= 1dt and a matrix size of 128 pixels. 
(A) Pulse-encoded ZTE: The condition number of the encoding matrix E is plotted with logarithmic scale as a function of the normalized off-
resonance Δf ∕BW , for different pulse lengths 2Δtp∕dt with corresponding linearity ranges TLin∕dt. It is assumed that excitation is performed 
with two pulses of off-resonances ±Δf , as shown in Figure 4. For each pulse duration, the conditioning has a first minimum near a location 
where the condition tshift∕dt =0.5 is met. (B) Comparison of conditioning of hard-pulse ZTE, sweep ZTE, and PE-ZTE (assuming optimum 
off-resonance). The zone where images are dominated by noise amplification and aliasing is indicated in gray. In hard-pulse and sweep ZTE, 
the initial exponential increase of the condition number limits the usable pulse duration to 2–3 dt. In PE-ZTE, conditioning is only slightly 
dependent on pulse duration and remains below the gray zone, allowing the use of long pulses. Note that long hard pulses as considered in 
hard-pulse ZTE may not make sense on the excitation side, yet they still serve to reflect the behavior of the conditioning at large dead-time 
gaps
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both gradient polarities. This suggests that the data are 
retrieved with finite support assumption, as it cannot be 
accessed through the pulse.

Long-T2 phantom images obtained with PE-ZTE are 
shown in Figure 7 and compared to ZTE with hard and 
sweep pulses. With the latter two, clean images are ob-
tained at the smallest gap, but amplified model violations 
due to aliasing of out-of-band signal emerge in the form of 
low-frequency background when Δt approaches 3 dt, and 
dominate the image at Δt = 6dt. In contrast, PE-ZTE pro-
vides good image quality at all pulse lengths and gap sizes.

The short-T2 imaging capability of PE-ZTE is illus-
trated in Figure 8 in comparison with hard-pulse ZTE. For 
both cases, the short-lived signal induces the same image 
blurring, as predicted by theory (Supporting Information 
A). Both techniques are comparable in terms of signal in-
tensity, SNR and sharpness, demonstrating that PE-ZTE 

correctly recovers the signal lost during RF excitation, even 
with a decay constant on the order of the pulse duration.

The potential advantage of using longer pulses is illus-
trated in Figure 9, where PE-ZTE is used for head imag-
ing and compared to conventional ZTE with hard pulse. 
As usual, the latter exhibits signal in short-T2 tissues (e.g., 
bone) and robustness against distortions and signal loss 
(e.g., in the nasal cavities). However, the low flip angle 
as limited by maximum RF power and pulse duration 
leads to primarily proton density contrast, thus offering 
only minor information about the different tissue char-
acteristics. However, with the about 3.5 times larger flip 
angle achievable with a long sweep pulse in PE-ZTE, two 
effects are observed. Generally, higher signal is obtained, 
as the Ernst angle is better approached for all tissues. 
Furthermore, T1 weighting is introduced, leading to in-
creased contrast (e.g., in the brain and in the eyes), and 

F I G U R E  6   Coefficients of linear combination used for k-space reconstruction. (A) Matrix Cof Equation 1, transferring acquired data s 
to reconstructed data ŝ  with highlighted lines at positive k-space locations with 0 ≤ k∕dk≤ 5. B-D, Coefficients of C on the highlighted lines 
for ZTE with hard pulse (B), sweep ZTE (C), and PE-ZTE (D) with large differences in amplitude as indicated by the exponential factors 
shown in red. Acquisition parameters are as follows: Δt = Δtp + ΔtT∕R = 5dt + 1dt = 6dt, matrix size 128, and Δf ∕BW = 0.04
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the signal of inflowing blood is also amplified. As noise 
performance is similar for both techniques, the signal gain 
nearly entirely translates into an equivalent SNR increase 
(Supporting Information C). Hence, for equal acquisition 
time, the overall SNR improves by about a factor of two in 
PE-ZTE as compared with hard-pulse ZTE.

The PE-ZTE image profiles in Figure 9 exhibit higher 
background signal than in hard-pulse ZTE. This is partly 
due to short-T2 signal originating from the earmuffs, 
which is excited more efficiently with the sweep pulse. 
Additionally, a slight background artifact is present over 
the whole FOV with still unclear origin. Correlated, am-
plified noise can be excluded, as the effect is not observed 
in pure noise images (Supporting Information C). Other 
sources may be an altered aliasing behavior of short-T2 
compounds or coil ring down.

4  |   DISCUSSION

In this work we introduce PE-ZTE, a novel method that 
exploits the intrinsic encoding properties of RF pulses to 
retrieve the data missed during spin excitation. Compared 
with conventional algebraic ZTE, it enables the use of 
longer pulses and thus can provide higher SNR and ad-
ditional contrast.

Because in PE-ZTE the RF pulses are part of the encod-
ing, to enable faithful image reconstruction, their shape as 
experienced by the sample should be known. This means 
in particular that distortions occurring in the RF chain 
must be assessed appropriately. This can be realized as in 
the present study by placing a pickup loop in the prox-
imity of the imaging coil to measure the pulse shape as 
it arrives at the spins. As the actual measurement takes 

F I G U R E  7   Long-T2 phantom imaging. A water bottle was scanned with hard-pulse ZTE, sweep ZTE, and PE-ZTE using increasing 
pulse durations, leading to different dead time gaps Δt∕dt, including the same transmit-receive switch time ΔtT∕R∕dt = 0.9 for all images. 
Flip angles were kept constant by adapting the pulse power (Table 1). Orthogonal slices are shown at the locations indicated by the dashed 
lines. ZTE produces a clean image with the shortest (hard) pulse. However, as pulse length and dead time grow, the image is increasingly 
dominated by background artifacts. In PE-ZTE, image quality is maintained, even with long pulses
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only a few seconds, the overall experimental effort could 
be reduced by directly integrating a pickup loop into the 
imaging coil, as frequently done in commercial setups. As 
an alternative, NMR field probes in a dynamic field cam-
era may be used to monitor RF pulses concurrently with 
the imaging experiment.32 Moreover, the pulse shape may 
be deduced by other means. One approach would be to 
consider the RF chain a linear and time-invariant system 
(neglecting RF amplifier nonlinearity and changes in coil 
load) and to measure its transfer function. This could then 
be used to apply RF pre-emphasis to each pulse33,34 or to 
calculate the actual pulse shape from its theoretical value. 
Another possibility would be to derive the pulse shape 
from the correlation between imaging data measured with 
equal gradient but different pulse encoding.

In the present implementation, PE-ZTE is performed 
with two complete ZTE data sets acquired with different 
pulses. In practice, a first complete data set is obtained 
with one pulse before executing the acquisition of the 
second data set with the other pulse (i.e., acquisitions 
are not interleaved). This option was chosen for ease of 
implementation but may be more sensitive to motion ar-
tifacts. Although it proved sufficiently robust for in vivo 
head imaging of a cooperative volunteer, clinical applica-
tion of PE-ZTE would probably benefit from interleaved 
data acquisition. Generally, acquiring data twice can 
be seen as a major drawback. However, if averaging is 
needed anyway to obtain sufficient SNR, there is no pen-
alty in this approach, which is the case for the head ex-
ample of this work or many other ZTE applications such 
as myelin imaging,10 lung imaging,35 dental imaging,4 and 

high-resolution imaging of other hard tissues.36,37 On the 
contrary, in these cases PE-ZTE becomes advantageous, as 
larger flip angles allow for potentially increased SNR and 
enable T1 contrast. On the other hand, if several averages 
are performed anyway, more than two different pulses 
could be used in PE-ZTE. However, so far no potential 
benefits in terms of conditioning or image quality have 
been perceived as compared with the two-pulses case.

If averaging is not required, the minimum scan time of 
PE-ZTE is indeed twice as large as for sweep ZTE. 
However, several solutions can be envisaged to overcome 
this limitation. First, the second data set could be acquired 
with angular undersampling by matching the number of 
spokes N to the gap size (N = 4� (Δt∕dt)2) instead of the 
resolution (N = 4� (M∕2)2 with image matrix size M), 
similar to water-suppressed and fat-suppressed proton 
projection MRI, yet with maximum gradient strength. By 
aligning these spokes with the first acquisition, straight-
forward 1D reconstruction of the k-space center is en-
abled. In this case, the relative scan time required for the 
second acquisition amounts to (2Δt∕(Mdt)

)2, which is 
typically on the order of a few percent only. Second, in ra-
dial acquisitions with angular Nyquist sampling, at least 
two-times oversampling occurs in the central k-space 
sphere of radius 

�

M∕2
√

2
�

dk . Hence, if spokes are ex-
cited in alternation with two different pulses, this k-space 
region will effectively be sampled twice, each time with 
independent pulse information. These kinds of data could 
then be merged in a full 3D PE-ZTE reconstruction, and 
no additional scan time would be required. Finally, an-
other approach is to combine a single-sweep ZTE 

F I G U R E  8   Short-T2 phantom imaging. A water bottle with T∗
2
 ≈ 77 µs was scanned with hard-pulse ZTE and PE-ZTE. Flip angles were 

kept constant by adapting the pulse power (Table 1). Both techniques led to comparable image quality, sharpness, and SNR
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acquisition with SENSE, similar to what has been sug-
gested for hard-pulse ZTE,38,39 yet this time with longer 
sweep pulses. In this case, the effective excitation profiles 

result from a multiplication of the coil sensitivities with 
the pulse spectrum, making them different for each chan-
nel. Hence, according to the reasoning in Supporting 
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Information A, the pulse information should be accessible 
when retrieving the missing data. However, the efficiency 
of this method compared with two-pulse PE-ZTE remains 
to be studied.

Considering only the signal model, the conditioning of 
PE-ZTE is relatively independent on pulse duration, even 
up to several tens of Nyquist dwells (Figure 5B). However, 
in practice, the pulse length may be limited by other fac-
tors. For example, the signal model assumes RF excitation 
to be linear, implying a Fourier relationship between pulse 
shape and spectrum, which is only considered sufficiently 
fulfilled for flip angles smaller than about 30º.40 In addition, 
the pulse length is also bounded by limitations for the spe-
cific absorption rate, especially in the head as in the present 
study, or by restrictions of the average power applicable to 
RF hardware such as transmit-receive switches and coils. 
Finally, spurious signal from coil ring down in early data 
increases with pulse length and may translate into image ar-
tifacts (Supporting Information D). If such artifacts can be 
avoided, e.g., by using ringdown suppression techniques,34 
pulse durations would be limited to the maximum encoding 
time tmax =M∕2dt (Supporting Information A). However, 
with more involved reconstruction approaches, the use of 
even longer pulses may be feasible.

As described in Figure 3, the total dead time Δt com-
prises half the pulse duration Δtp and the transmit-receive 
switching time ΔtT∕R. With the approach introduced in this 
work, the data lost during Δtp can be recovered. However, 
data missed during ΔtT∕R must still be retrieved via finite 
support assumption as in conventional algebraic ZTE, 
hence limiting ΔtT∕R to 2–3 dt. Given recent advances in 
RF-switch design,41 ringdown suppression34 and data fil-
tering strategies,42 reducing ΔtT∕R and thus Δt to the sub-
microsecond range is a realistic perspective. Thus, ZTE 
imaging with bandwidths in the Megahertz range without 
supplementary gap filling would be enabled.

In the PE-ZTE technique, the data correlation over the 
pulse duration is used for recovering data missed during 
the dead time. Beyond this, the correlation in the time do-
main may be further exploited to support other advanced 
signal–model-based ZTE reconstruction approaches, such 
as water–fat separation and B0 mapping.43,44

With respect to ZTE-based sequences using direct 
gap filling such as PETRA, water-suppressed and fat-
suppressed proton projection MRI, or ZTE with hybrid 
filling, PE-ZTE offers several advantages. To begin with, 
as no additional data acquisition of lower SNR efficiency 
is required, PE-ZTE will be beneficial, especially at large 
dead-time gaps. Furthermore, discontinuities in k-space 
weighting associated with T∗

2 decay and thus potential 
related image artifacts are avoided. Also, because the 
gradient magnitude is never lowered, quasi-continuous 
operation is enabled, thus reducing the sequence over-
head. This allows the use of shorter TR, to make acquisi-
tions more silent and to minimize eddy currents. In cases 
in which PE-ZTE is not usable due to excessive ΔtT∕R , 
it could still be combined with direct gap-filling tech-
niques, to decrease Δt to ΔtT∕R and thereby reduce the 
time required to probe the inner k-space at lower gradient 
strength. In this case, image reconstruction would need to 
be performed fully in 3D.

The use of long sweep pulses is also a key element in 
sweep imaging with Fourier transformation.25 However, 
in this technique, access to data during the pulse is en-
abled more directly by concurrent signal transmission 
and reception. Implementations of this concept use either 
repeated alternation between the two modes or true con-
tinuous operation,45 which are, however, both technically 
highly demanding.

As soon as the recent advances in transmit-receive-
switch design reach clinical scanners, PE-ZTE could be-
come a useful tool for a broader community. Compared 
with other ZTE techniques, the longer minimum scan 
time will play against it for quick imaging that does not 
require averaging, e.g., when using low bandwidths and 
relatively long hard pulses. However, if high-resolution 
imaging of short-T2 tissue is targeted, higher bandwidths 
will be required, rendering hard pulses inefficient. In such 
cases, also sweep-ZTE or sweep-PETRA with averaging 
could be used. However, PE-ZTE would probably be the 
better choice due to its greater robustness against artifacts 
related to model violations compared with sweep-ZTE, 
and its higher acquisition duty cycle and lower acoustic 
noise compared with PETRA.

F I G U R E  9   In vivo head imaging. Conventional hard-pulse ZTE and PE-ZTE were compared with imaging parameters kept constant 
except for pulse type and duration (Table 1). Hard-pulse ZTE used a hard pulse of 3 µs and PE-ZTE a sweep pulse of 35 µs. The displayed 
resolution is 1.04 × 1.04 × 2.08 mm for a total scan time of 20 minutes. Both data sets were bias-corrected to remove B1-related intensity 
variations. In hard-pulse ZTE, the small flip angle leads to primarily proton density contrast and limits the signal level. In PE-ZTE, the 
longer pulse increased the flip angle, leading to T1 contrast in the brain between CSF, white matter, and gray matter. Also, in the eyes, the 
lenses appear with strong positive contrast. Furthermore, the larger flip angle increases in-flow contrast, leading to improved depiction of 
arterial vessels, as observed in both individual slices and the maximum intensity projection over a 7-cm-thick coronal slice (bottom row). 
Finally, the overall signal level is approximately doubled with PE-ZTE. The intensity profiles are measured horizontally and vertically 
centered in the FOV
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5  |   CONCLUSION

Algebraic reconstruction of ZTE data sets with large dead-
time gaps was achieved by defining a new forward model 
that includes knowledge about multiple RF pulses. As 
opposed to conventional algebraic ZTE, image fidelity 
has only a minor dependence on pulse duration. Hence, 
longer sweep pulses may be used, potentially enabling 
significant improvements in SNR efficiency as well as T1 
contrast, even at high imaging bandwidth.
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SUPPORTING INFORMATION A Signal models and 
image reconstruction in algebraic zero-TE (ZTE) MRI. In 
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culations. This document details the methods used to cal-
culate the SNR in the head images
SUPPORTING INFORMATION D Experimental lim-
itation of PE-ZTE. This document illustrates the current 
experimental limitation of the pulse duration in PE-ZTE 
imaging

How to cite this article: Froidevaux R, Weiger M, 
Pruessmann KP. Pulse encoding for ZTE imaging: RF 
excitation without dead-time penalty. Magn Reson 
Med. 2022;87:1360–1374. doi:10.1002/mrm.29056

https://doi.org/10.1002/mrm.29056

