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Purpose: The aim of this study was to compare the wave-CAIPI (controlled alias-
ing in parallel imaging) trajectory to the Cartesian sampling for accelerated free-
breathing 4D lung MRI.
Methods: The wave-CAIPI k-space trajectory was implemented in a respiratory self-
gated 3D spoiled gradient echo pulse sequence. Trajectory correction applying the 
gradient system transfer function was used, and images were reconstructed using an 
iterative conjugate gradient SENSE (CG SENSE) algorithm. Five healthy volun-
teers and one patient with squamous cell carcinoma in the lung were examined on 
a clinical 3T scanner, using both sampling schemes. For quantitative comparison of 
wave-CAIPI and standard Cartesian imaging, the normalized mutual information and 
the RMS error between retrospectively accelerated acquisitions and their respective 
references were calculated. The SNR ratios were investigated in a phantom study.
Results: The obtained normalized mutual information values indicate a lower in-
formation loss due to acceleration for the wave-CAIPI approach. Average normal-
ized mutual information values of the wave-CAIPI acquisitions were 10% higher, 
compared with Cartesian sampling. Furthermore, the RMS error of the wave-CAIPI 
technique was lower by 19% and the SNR was higher by 14%. Especially for short 
acquisition times (down to 1 minute), the undersampled Cartesian images showed an 
increased artifact level, compared with wave-CAIPI.
Conclusion: The application of the wave-CAIPI technique to 4D lung MRI reduces 
undersampling artifacts, in comparison to a Cartesian acquisition of the same scan 
time. The benefit of wave-CAIPI sampling can therefore be traded for shorter exami-
nations, or enhancing image quality of undersampled 4D lung acquisitions, keeping 
the scan time constant.
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1 |  INTRODUCTION

The lung is an especially challenging organ to image with 
MR, as the acquisition is typically impaired by respiratory 
and cardiac motion. In addition, the fast T∗

2
 decay of the 

MR signal and the inherently low proton density of lung 
tissue complicates lung MRI. The easiest way to avoid arti-
facts arising from respiration is a breath-hold examination. 
However, patients often have a limited breath-hold capabil-
ity, posing a severe restriction to the available acquisition 
time. Another approach is respiratory gating by means of 
image-based methods,1,2 or using additional external hard-
ware.3 In addition, the center of k-space can be exploited as 
a navigator signal.4-6 Although some non-Cartesian k-space 
trajectories inherently measure this (direct current) DC sig-
nal in each repetition,7 a small increase in measurement 
time has to be invested in Cartesian and in wave-CAIPI 
(controlled aliasing in parallel imaging). The big advantage 
of these self-gating techniques is that they do not require 
any additional hardware, which saves time during patient 
preparation and increases patient comfort. Furthermore, 
retrospective gating allows for individual adjustment of 
gating parameters after the acquisition. Finally, the imple-
mentation of retrospective self-gating requires only minor 
modifications to existing pulse sequences. However, even 
with respiratory self-gating, acquisition times should be 
kept as short as possible, as long scan times bear an in-
creased risk of involuntary patient movement, ultimately 
leading to degraded image quality. Furthermore, as avail-
able time slots in clinical routine are very limited, acceler-
ation of the acquisition enables a higher patient throughput.

The Cartesian k-space trajectory is used most prominently 
in clinical routine. However, other k-space trajectories may be 
better suited for accelerated imaging, which is of utmost im-
portance to improve patient comfort. Recently, wave-CAIPI has 
been proven to be a very effective method for volumetric ac-
quisitions, accelerated by parallel imaging.8-12 In this work, the 
wave-CAIPI k-space trajectory is used in a self-gated FLASH 
pulse sequence for dynamic lung imaging, to make better use of 
receive coil sensitivity variations in all three spatial dimensions.

A key difference to previous reports that used the wave-
CAIPI technique is—apart from the target application—the 
phase-encoding scheme. The wave-CAIPI k-space trajectory 
is typically combined with a regular, 2D CAIPI-shifted under-
sampling pattern. In a work by Chen et al,13 a variable den-
sity sampling and radial view ordering14 scheme was used. To 
avoid large gaps in k-space after retrospective gating, the phase- 
encoding scheme in this work was randomized using a nonuni-
form density distribution that oversamples the center of k-space.

This work combines a randomized self-gated FLASH 
pulse sequence with the wave-CAIPI k-space trajectory to 
acquire high-quality, dynamic 3D images of the human lung 
during free breathing. The proposed method is especially 

interesting for radiotherapy treatment planning,15,16 as respi-
ration-induced tumor motion needs to be carefully evaluated 
before treatment. For different acquisition times, the wave-
CAIPI sequence is compared to a Cartesian sequence with, 
apart from the k-space trajectory, identical parameters.

2 |  METHODS

2.1 | Setup

The wave-CAIPI k-space trajectory was implemented in a 3D 
FLASH pulse sequence by playing out sinusoidal gradient os-
cillations on both phase-encoding axes during readout. The os-
cillations were shifted with respect to one another by a phase of 
�∕2, leading to helically shaped readout lines in k-space. In this 
work, a fixed number of gradient oscillations Nwave =4 and a 
maximum gradient wave amplitude Awave =6 mT∕m was cho-
sen. To acquire the k-space center signal (“DC signal”), which 
was used as a respiratory navigator signal, the ADC was opened 
for a short time immediately after the nonselective RF excitation 
pulse. A schematic pulse sequence diagram is shown in Figure 1A.  
For all examinations, both wave-CAIPI and Cartesian reference 
scans were performed, using identical sequence parameters, 
apart from the additional gradient oscillations for the wave-
CAIPI technique. Images were acquired with an isotropic reso-
lution of 2.23 mm and a k-space matrix of size 224 × 224 × 
112-144. Further relevant sequence parameters were FOV = 
500 × 500 × 250-321 mm3, TR = 4.8 ms, TE = 1.9 ms, flip 
angle = 5º, readout bandwidth = 350 Hz/pixel, corresponding 
to a readout duration of 2.86 ms. Readout was always chosen to 
be in the head–foot direction. All examinations were performed 
with an 18-channel body coil array, in combination with a spine 
coil array with 12-16 channels activated.

The order of the phase-encoding steps was randomized 
with respect to nonuniformly distributed, 2D pseudo-random 
numbers, to avoid synchronization between phase encoding 
and breathing motion.15,17 Hence, 2D pseudo-random num-
bers within the 2D range of ([0, 1], [0, 1]) were generated 
by a Mersenne-Twister algorithm,18 as implemented in the 
C++ standard library, using a normal distribution with a 
width of �=0.3. The resulting distribution was rescaled by 
the number of phase-encoding steps in both dimensions. The 
density distribution that was used is displayed in Figure 1C.  
A typical full sampling pattern of an 8-minute acquisition 
before respiratory gating is shown in Figure 1D.

To quantitatively evaluate and compare image quality,  
4D lung MR scans were performed on 5 healthy volunteers, 
using both sampling strategies. In addition, 1 patient (male, 
65 years old) with known squamous cell carcinoma in the lung 
was examined, and respiration-induced tumor movement was 
assessed. For both samplings, wave-CAIPI and Cartesian, the 
total acquisition time was set to TAcq = 08:01-10:18 minutes, 
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leading to a moderate average undersampling rate of R≈1.5 
in the images after respiratory self-gating, which was con-
sidered to provide adequate reference images for the later 
comparison with accelerated scans. For the calculation of 
sensitivity maps, a low-resolution, Cartesian reference scan 
with increased FOV in the coronal plane was performed.

All measurements were performed on a 3T clinical scan-
ner (MAGNETOM Prismafit; Siemens Healthcare, Erlangen, 
Germany). The in vivo study was approved by our institu-
tion’s ethics committee, and informed, written consent was 
obtained from each subject before measurement.

2.2 | Reconstruction

Regardless of the used k-space trajectory, the first step for 
image reconstruction is sorting the data, acquired in pseudo-
random order, into different breathing states. To this end, the 
DC signal measured by the ADC directly after the excitation 
pulse is used as a navigator signal.4-6 In the absence of spatial 
encoding, this signal is proportional to the total amount of 
protons within the imaged object, weighted by the sensitivity 
profiles of the respective receive coils. The signal of a single 
receive coil near the lung/liver interface was manually se-
lected and band-pass-filtered to smooth the signal and to re-
move signal variations corresponding to the periodic cardiac 
motion. The remaining signal variations of that coil then arise 
from tissue (liver) moving in and out of the range of sensitiv-
ity of the coil, and therefore serve as a respiratory navigator. 
An exemplary self-gating signal is displayed in Figure 2 for a 
volunteer examination. The measured data were binned into 
partially overlapping breathing states, with the requirement 
that all breathing states contain about 21% of all acquired 

data. The respiratory cycle was resolved in eight breathing 
states, which is a typical range for dynamic 3D lung acquisi-
tions.7,15 This approach ensures that all k-space bins (corre-
sponding to the breathing states) contain a sufficient amount 
of data for a stable parallel imaging reconstruction. Before 
respiratory gating, the first 2500 readouts were discarded, to 
be sure to achieve a steady-state magnetization.

Gradient system imperfections cause gradient discrep-
ancies, such that the actually played-out sinusoidal gradient 
oscillations of the wave-CAIPI are a distorted version of the 
nominal gradients (ie, as designed in the pulse program).19-22 

F I G U R E  1  A, Diagram of the 
self-gated gradient echo pulse sequence 
with wave-CAIPI (controlled aliasing in 
parallel imaging) sampling. For respiratory 
self-gating, the ADC acquires the center of 
k-space immediately after the nonselective 
RF excitation. The phase-shifted sinusoidal 
gradient oscillations on the phase-encoding 
axes generate the helical wave-CAIPI 
k-space trajectory. B, Correction of k-space 
trajectory errors, caused by gradient system 
imperfections. C, Density distribution used 
for randomization of the phase-encoding 
order. D, Full sampling pattern of an 
8-minute acquisition, before retrospective 
gating

F I G U R E  2  Self-gating (direct current) DC signal of a volunteer 
measurement. The center of k-space, measured by a receive coil 
near the lung/liver interface, serves as a respiratory navigator signal. 
The acquired data are distributed into eight breathing states (dashed 
horizontal lines). Boundaries were chosen to be “soft” (ie, adjacent 
breathing states overlap by a certain amount [not shown])
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Depending on the gradient axis, the real sinusoidal gradient 
oscillations differ from the theoretical waveforms by a time 
delay in the order of 6 µs and magnitude alterations of about 
1%. The discrepancy between the theoretical input gradient 
and the gradient that is actually played out leads to inaccu-
racies in the k-space trajectory (as displayed in Figure 1B), 
consequentially deteriorating the image quality of the wave-
CAIPI acquisitions. The gradient system transfer function 
characterizes this gradient system behavior and can therefore 
serve as a correction of the latter problem during reconstruc-
tion.19-22 The gradient system transfer function of the MR 
scanner was determined in additional phantom measure-
ments. To this end, the phase evolution of the MR signal was 
measured in two parallel slices, while triangular input gradi-
ents were played out on the gradient axis perpendicular to the 
excited, parallel slices. Separate measurements for the three 
individual gradient axes were performed. A good estimate of 
the true k-space trajectory can be obtained by using only the 
self-terms of the gradient system transfer function.

After retrospective data sorting into breathing states and 
k-space trajectory correction, the images were reconstructed 
using an iterative CG SENSE approach.23,24 Sensitivity maps 
were calculated using the Berkeley Advanced Reconstruction 
Toolbox.25 Reconstruction times were between 45 and 90 
minutes for eight breathing phases, depending on the degree 
of undersampling. Especially for comparisons of two differ-
ent imaging techniques, a fair choice for the regularization 
parameter, in this case, the stopping criterion for the iterative 
SENSE reconstruction, needs to be defined. In this work, a 
criterion based on the actual image noise was formulated. 
From an additional scan, noise correlations in the different 
receiver coil elements were calculated for all volunteer ex-
aminations. For the noise measurement, the same pulse se-
quence setup as for actual imaging was used, with the RF 
amplitude set to zero. Therefore, only noise was measured 
in each receive channel. This measurement of noise correla-
tions can be performed in only a few seconds. Subsequently, 
properly correlated, artificial noise can be generated using 
the method proposed by Robson et al.26 From the noise-only 
data, a noise covariance matrix describing noise correlations 
between the individual channels was calculated. The noise 
covariance matrix was used to generate artificial but authen-
tic noise samples, to simulate a fully sampled, multichannel, 
noise-only scan with the same k-space matrix as for actual 
imaging. To obtain the image noise estimate from the noise-
only k-space, a Fourier transformation was performed, and 
coil combination was done, taking into account the coil sen-
sitivity maps. The noise estimate rNoise is then calculated as 
the L2-norm of the coil-combined noise image, as follows:

where C∗ is the complex conjugate transpose of the coil sensi-
tivity matrix; m denotes the individual coil images; Nch is the 
number of channels; and Npx is the number of image pixels. 
Iterations of the CG SENSE algorithm were performed until 
the CG residual rCG obeyed rCG < c ⋅ rNoise, where the factor 
c dictates the compromise between residual aliasing artifacts 
and image noise. For the in vivo studies, the parameter was set 
to be in the range of 0.3-0.5, whereas for the phantom-based 
SNR calculations, c=0.3 was chosen. The same value of c 
was chosen for the respective Cartesian and wave-CAIPI re-
constructions. Based on the proposed criterion, the algorithm 
was stopped in the transition phase of the typical L-shaped 
function of the logarithm of the CG residual, plotted against 
the iteration number, as suggested in the work by Qu et al.27

2.3 | Image analysis

The wave-CAIPI and Cartesian acquisitions were retro-
spectively accelerated. For this purpose, shorter scans were 
simulated by discarding data acquired at the end of the meas-
urement, such that only a certain period of time (starting after 
establishing a steady-state magnetization) was kept. To as-
sess the image quality for different accelerations, the normal-
ized mutual information (NMI) and the RMS error (RMSE) 
were calculated for each breathing state as a function of ac-
quisition time and used to quantify image similarity between 
retrospectively accelerated acquisitions and their respective 
references.15,28,29 The reference images were chosen to be 
the images of the individual breathing states, before retro-
spective acceleration. For this approach to work, the initially 
determined gating windows were kept fixed for all accelera-
tions. The normalized mutual information of two discrete 
variables X and Y was calculated as

where I (X, Y) is the mutual information between X and Y, and 
H (X) and H (Y) denote the entropy of X and Y, respectively. The 
NMI describes the amount of information that can be obtained 
about variable X by measuring the variable Y. It is therefore 
suited as a similarity measure to compare different accelerated 
images with their respective reference. In addition to the NMI, 
the RMSE between the reference image and the accelerated im-
ages was calculated.

The SNR ratio rSNR =SNRwave−CAIPI∕SNRCartesian and 
g-factors were calculated on a pixel-by-pixel basis for accel-
erated wave-CAIPI and Cartesian phantom experiments by 
means of the pseudo multiple replica method.26 To this end, 
100 reconstructions were performed, each time adding arti-
ficial, properly correlated, and scaled noise to the acquired 
data. The phantom images were acquired using the same 

rNoise =
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density-weighted sampling scheme as for the dynamic lung 
images. The sampling pattern was adapted to mimic a typical 
k-space sampling pattern for a 1-minute 4D-lung MRI after 
respiratory gating (fraction of missing k-space lines ~92%). 
The phantom consisted of two stacked canisters, containing 
NaCl and NaH2PO4*2H2O in water, respectively. As the phan-
tom is not representative for actual lung tissue, absolute SNR 
values do not necessarily correspond to SNR in in vivo mea-
surements. However, the SNR ratio, comparing wave-CAIPI 
and Cartesian sampling, is not affected by relaxation parame-
ters and provides an adequate measure of SNR gain. The SNR 
calculation was performed using phantom measurements, as 
the final undersampling patterns of in vivo scans are differ-
ent using retrospective self-gating. The same undersampling 
pattern was used for the wave-CAIPI and the Cartesian re-
construction. This avoids any possible effects due to different 
sampling patterns and is not possible for retrospectively gated 
in vivo data. The phantom-based approach also prevents er-
rors in rSNR =SNRwave−CAIPI∕SNRCartesian due to motion, and 
enables a comparison on a pixel-by-pixel basis.

Furthermore, g-factor maps were calculated for acceler-
ated wave-CAIPI and Cartesian 4D lung scans, also using 
the pseudo multiple replica method. To assess differences 
between wave-CAIPI and Cartesian sampling in the g-fac-
tor maps, the same undersampling pattern was simulated 
for the in vivo images as follows: The respective full data 
sets (without retrospective acceleration; scan time ~8 
minutes) were reconstructed using the CG SENSE algo-
rithm. The resulting artifact-free images were resampled 
retrospectively, to simulate a fully sampled in vivo scan. 
These artificially fully sampled data sets were then under-
sampled, using the same random undersampling pattern for 
both sampling techniques.

3 |  RESULTS

Using the self-terms of the gradient system transfer function, 
image artifacts arising from gradient imperfections were ef-
fectively suppressed, as demonstrated in Figure 3 for a sagit-
tal slice of a volunteer measurement.

A comparison of retrospectively accelerated images for 
Cartesian and wave-CAIPI sampling is shown in Figure 4. 
For an acquisition time of 8:01 minutes, both techniques re-
sult in good image quality. Especially in the case of high ac-
celeration (down to 1 minute), the Cartesian images exhibit 
visible residual undersampling artifacts, whereas the artifact 
level is reduced using the wave-CAIPI technique. A more 
detailed comparison of accelerated images in three different 
orientations is displayed in Figure 5 for an acquisition time 
of 2 minutes.

Figure 6A-E presents box plots of calculated NMI val-
ues for all 5 healthy volunteer examinations; the average of 

NMI values was determined over the eight different breath-
ing states. Median NMI values of the wave-CAIPI acquisi-
tion are consistently higher than the Cartesian NMI medians. 
Scatterplots of the NMI and the RMSEs of all volunteer mea-
surements are shown in Figure 7. Most (91%) of the calcu-
lated RMSE values of the accelerated wave-CAIPI images 
are lower than the RMSEs for the Cartesian images; most 
of the individual RMSE values lie below the identity line in 
Figure 7A. As shown in Figure 7B, 97% of the individual 
NMI values lie above the identity line (ie, wave-CAIPI scans 
exhibit higher NMI values). Especially for small acquisition 
times, which correspond to higher RMSE and lower NMI 
levels, the difference between the two sampling schemes is 
more pronounced. For the images with an acquisition time 
of 2 minutes, the mean RMSE value for wave-CAIPI is  
6.51 ± 1.78 and for Cartesian sampling, and the mean RMSE 
is 7.82 ± 1.79, in arbitrary signal intensity units. On average, 
RMSE values were 18.9% ± 13.2% lower, and NMI values 
were 10.2% ± 7.3% higher for the wave-CAIPI, compared 
with Cartesian sampling.

Figure 8A,B show 4D MR and PET/CT images of a pa-
tient with squamous cell carcinoma in the lung. The 3-minute  
wave-CAIPI 4D MRIs show superior image quality,  
compared with the 3-minute Cartesian acquisitions. No rel-
evant respiratory motion-induced displacement of the tumor 
can be observed, as displayed in Figure 8C for the 3-minute 
wave-CAIPI MRI. As a result, in the process of radiotherapy 

F I G U R E  3  Comparison of a sagittal slice of a wave-CAIPI 
acquisition before and after gradient imperfections were accounted for. 
Gradient inaccuracies lead to considerable artifacts in the frequency-
encoding direction (head–foot). The correction method using the 
gradient system transfer function successfully suppresses image 
artifacts arising from gradient imperfections
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treatment planning, the safety margins around the tumor do 
not need to be increased due to respiration.

The SNR ratio rSNR =SNRwave−CAIPI∕SNRCartesian that was 
calculated in the phantom for the two trajectories is presented 
in Figure 9A, binned according to the Cartesian g-factor in 
the corresponding pixels. An exemplary slice of the medi-
an-filtered SNR ratio map is displayed in Figure 9B. The 

average SNR gain of wave-CAIPI was rSNR =1.14 ± 0.31. 
Calculations of the g-factor (using the same set of replicas 
as for the SNR measurement) yielded an average g-factor of 
gmean =1.21 for wave-CAIPI in the phantom. In the Cartesian 
case, the average g-factor was gmean =1.34 in the phantom. 
g-Factor maps for a simulated 2-minute in vivo scan are pre-
sented in Figure 9C.

F I G U R E  4  Comparison of a coronal slice of a Cartesian and a wave-CAIPI image for different acquisition times at end-expiration. For 
smaller acquisition times, artifacts in the Cartesian images are more prominent than in the wave-CAIPI images. The percentage of missing k-space 
lines of the individual images are stated in the respective lower-left corners

F I G U R E  5  Comparison of three 
different orientations of a Cartesian and 
a wave-CAIPI image at inspiration and 
expiration with an acquisition time of  
2 minutes. Residual undersampling artifacts 
are less pronounced in the wave-CAIPI 
images
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F I G U R E  6  A-E, Box plots of the normalized mutual information (NMI) between accelerated images and their respective references for 5 
volunteer examinations. The average is performed over the individual breathing states. Median NMI values of the wave-CAIPI are consistently 
above the Cartesian NMI values
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4 |  DISCUSSION

The results of the patient examination indicate that, using the 
wave-CAIPI sampling, the image quality of accelerated acqui-
sitions can be enhanced while keeping the scan time constant. 
In the presented case, no relevant displacement of the tumor 
could be observed during respiration. An important application 

of the proposed method would be in the context of radiotherapy 
treatment planning. It is very important in radiotherapy not only 
to ensure tumor coverage with the prescribed dose but also to 
spare organs at risk (eg, lung, liver, heart). For this purpose, 
safety margins around the tumors are used in the target volume 
definition process to guarantee coverage. If tumor motion is not 
considered at all, very large margins have to be used, resulting 

F I G U R E  7  Scatterplots of the RMS error (RMSE) (A) and the NMI (B) to compare wave-CAIPI and Cartesian acquisitions. In both (A) and 
(B), the dashed lines represent the respective identity lines, with slope = 1

F I G U R E  8  A, Axial slice of a patient with squamous cell carcinoma in the lung in inspiration and expiration, acquired with Cartesian and 
wave-CAIPI sampling. B, The PET/CT acquisition of a similar slice as in (A), with target region for radiotherapy (magenta line). C, Respiratory 
motion differences in coronal and axial orientation, determined from a 3-minute wave-CAIPI scan. Differences between inspiration and expiration 
are color-encoded (magenta/green)
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in a high probability of radiation-induced pneumonitis, for 
example.30 Different treatment planning concepts are used to 
create target volumes that are influenced differently by more 
extreme respiration states.30,31 Tumor delineation depends sub-
stantially on image quality. Consequently, accelerated images 
acquired with the wave-CAIPI sampling technique are supe-
rior over Cartesian ones. In the present case, safety margins 
around the tumor do not need to be increased due to respiratory 
motion. Moreover, the superior soft-tissue contrast compared 
with CT can lead to further dose reductions, especially for the 
identification of moving lesions in the pancreas, for example.32

The calculated normalized mutual information as a func-
tion of acquisition time is used as a quantitative measure to 
capture the similarity of the accelerated images to their re-
spective references (initial full-duration scan; no retrospec-
tive scan-time reduction). For each breathing state, a series 
of images with decreasing acquisition time is generated and 
the NMI is calculated. The respiratory gating windows are 
fixed for all accelerated images, to ensure comparability of 

images with different acquisition times. Median NMI values 
of the wave-CAIPI scans lie consistently above those of the 
Cartesian scans, indicating a lower loss of image informa-
tion due to acceleration. The scatterplots of RMSE and NMI 
in Figure 7 show that the accelerated wave-CAIPI images 
exhibit smaller discrepancies to the reference images com-
pared with the Cartesian case. This is supported by phantom- 
based SNR ratio calculations. The SNR advantage of 
rSNR =1.14 ± 0.31 for the wave-CAIPI approach leads to a 
more well-posed CG SENSE reconstruction, which reduces 
residual noise enhancement in the final images. In Figure 9A,  
the SNR ratio in the individual pixels of the phantom im-
ages are binned according to the Cartesian g-factor in the 
respective pixel. The SNR gain by using the wave-CAIPI is 
larger in regions where the Cartesian image exhibits a large 
g-factor. In the phantom, g-factor calculations of the used 
setup yielded average g-factors of gwave =1.21 for the wave-
CAIPI, compared with gCartesian =1.34 for the Cartesian im-
aging. The g-factor maps of the simulated 2-minute 4D-lung 

F I G U R E  9  A, The SNR ratio r
SNR

=SNR
wave−CAIPI

∕SNR
Cartesian

 in pixels of a phantom, binned according to the corresponding g-factors of 
the Cartesian image. In pixels with higher g-factor, the SNR gain by using wave-CAIPI is larger. The phantom consisted of two stacked canisters, 
containing NaCl and NaH2PO4*2H2O in water, respectively. B, Slice of the SNR ratio map (SNR

wave−CAIPI
∕SNR

Cartesian
) in coronal orientation.  

C, g-Factor map of a 2-minute in vivo scan, comparing wave-CAIPI and Cartesian sampling
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scans in Figure 9C also show reduced noise enhancement in 
the wave-CAIPI case. In Bilgic et al,8 the wave-CAIPI tech-
nique was shown to yield an average g-factor of gwave =1.03,  
compared with gCartesian =1.42 in the 2D-CAIPI Cartesian 
case, for a 3 × 3 accelerated acquisition, suggesting an av-
erage SNR boost of about 40% for the wave-CAIPI tech-
nique. These measurements, however, were performed 
with a different undersampling pattern, coil setup, and dif-
ferent sequence parameters, tailored for head applications. 
Relevant sequence parameters that influence the g-factor in 
wave-CAIPI acquisitions are, for example, the resolution, 
the bandwidth, and the maximum wave amplitude, as sys-
tematically investigated in Polak et al10 and Wang et al.33 
Further optimization potential of the present work lies in the 
wave-CAIPI parameters. The slew-rate limits of the used 
MR scanner would allow higher gradient wave amplitudes, 
which would further decrease the g-factor.10,33 Regarding 
the g-factor map in Figure 9C, a further g-factor optimiza-
tion with respect to the maximum gradient wave amplitude 
would be possible in regions with elevated g-factor, such as 
the center of the thorax, for instance. Moreover, the level 
of nerve stimulation is a limiting factor, as higher wave 
amplitudes generate more nerve stimulation. Slew rate or 
nerve-stimulation issues could be reduced by choosing a 
lower number of wave cycles.

Previous reports on wave encoding applied to motion- 
corrected, free-breathing abdominal imaging presented an 
enhanced performance in reducing aliasing and motion ar-
tifacts, compared with Cartesian sampling.13 The proposed 
termination criterion for the iterative SENSE reconstruction 
estimated the noise level of a theoretically fully sampled ac-
quisition in the image domain. The resulting noise estimate 
was used for all retrospectively accelerated data sets of the 
respective volunteer. A more elaborated termination criterion 
could, along sensitivity maps and noise correlations, also in-
clude the actual sampling pattern and thereby the sampling 
time of the individual undersampled data sets.

It was shown15,17 that simple, linear phase encoding leads to 
large gaps in k-space after respiratory gating, entailing exten-
sive undersampling artifacts in the image domain. Using the 
density-weighted phase-encoding scheme proposed in Breuer 
et al,15 readout lines near the k-space center are measured more 
often, and large gaps in the k-space center are avoided. Use 
of the wave-CAIPI k-space trajectory further prevents large 
voids in k-space. Due to the helically shaped readout lines, 
undersampling results in a more homogeneous distribution of 
missing k-space samples, as all three dimensions in k-space 
are involved in undersampling. In contrast, undersampling in 
the Cartesian case takes place only in two dimensions, leaving 
the readout direction always fully sampled. As a result, the 
wave-CAIPI images exhibit a highly reduced artifact level, as 
shown in Figures 4 and 5. Residual undersampling artifacts 

are visible in the accelerated Cartesian images, which compli-
cates vessel identification and delineation.

In Breuer et al,15 full coverage of the lung was achieved 
in 3 minutes, using a randomized, self-gated and densi-
ty-weighted Cartesian sequence. Calculations of the normal-
ized mutual information displayed in Figure 6 and the image 
comparison in Figure 4 indicate that the image quality of a 
3-minute Cartesian scan is comparable to the image quality 
of a 2-minute wave-CAIPI scan. Thus, the benefit of using 
the wave-CAIPI k-space trajectory can be traded for a re-
duced acquisition time or enhanced image quality, keeping 
the scan time constant. Using the wave-CAIPI technique, the 
SNR benefit could also be traded for higher temporal resolu-
tion of the respiratory cycle. Keeping the scan time constant, 
a higher number of (independent) breathing states implies an 
increased undersampling rate.

An interesting extension of the presented work would be 
to play out phase-encoding steps according to the actual cur-
rent breathing state, as determined by the DC signal. Instead 
of prospectively defining a suitable order of the phase- 
encoding steps, the sampling patterns in each breathing state 
could thereby be adjusted as desired. Such an approach would, 
however, come at the expense of an unpredictable scan time.

5 |  CONCLUSIONS

Quantitative image analysis, involving calculations of SNR, 
normalized mutual information and RMSE, demonstrated an 
enhanced image quality for the wave-CAIPI technique, com-
pared with the Cartesian sequence in free-breathing, self-gated 
4D lung MRI. The combination of density weighting and the 
wave-CAIPI k-space trajectory enables full coverage of the 
human lung in eight breathing states in only a few minutes.
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