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ABSTRACT 

 

Purpose: To propose a quantitative 3D Dual Echo Steady State (DESS) sequence that offers rapid and 

repeatable T2 mapping of the human brain using different encoding schemes that account for 

respiratory B0 variation. 

Methods: A retrospective self-gating module was firstly implemented into the standard DESS 

sequence in order to suppress the respiratory artifact via data binning. A Compressed-Sensing 

trajectory (CS-DESS) was then optimized to accelerate the acquisition. Finally, a spiral Cartesian 

encoding (SPICCS-DESS) was incorporated to further disrupt the coherent respiratory artifact. These 

different versions were compared to a standard DESS sequence (Fully DESS) by assessing the T2 

distribution and repeatability in different brain regions of eight volunteers at 3T. 

Results: The respiratory artifact correction was determined to be optimal when the data was binned 

into 7 respiratory phases. Compared to the Fully DESS, T2 distribution was improved for the CS-

DESS and SPICCS-DESS with interquartile ranges reduced significantly by a factor ranging from 2 to 

12 in the caudate, putamen and thalamus regions. In the gray and white matter areas, average absolute 

test-retest T2 differences across all volunteers were respectively 3.5± 2% and 3.1±2.1% for the 

SPICCS-DESS, 4.6±4.6% and 4.9±5.1% for the CS-DESS, and 15%±13% and 7.3±5.6% for the Fully 

DESS. The SPICCS-DESS sequence’s acquisition time could be reduced by half (< 4 min) whilst 

maintaining its efficient T2 mapping. 

Conclusion: The respiratory resolved SPICCS-DESS sequence offers rapid, robust and repeatable 3D 

T2 mapping of the human brain, which can be especially effective for longitudinal monitoring of 

cerebral pathologies. 

 

Keywords: DESS, T2 mapping, respiratory B0 variation, 3D brain imaging, qMRI 
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1. INTRODUCTION 

 

The Dual Echo Steady State (DESS) sequence1–3 has often been used in musculo-skeletal MRI to 

rapidly obtain high-contrast morphological images and quantitative T2 mapping4–8. Two distinct 

steady-state free precession echoes, identified as SSFPFID and SSFPEcho, are acquired and lead to the 

construction of two images with different contrasts. The ratio of both images is highly sensitive to the 

T2 relaxation time1 and can hence be used to procure T2 maps. The possibility to estimate other 

quantitative parameters such as diffusion9, B0
10 and white matter myelin water content11 has also been 

investigated with DESS-type sequences. Being a steady-state sequence, it employs short TRs which 

are especially practical for rapid 3D imaging. This offers a boost in signal-to-noise ratio (SNR), which 

is also improved by the use of low flip angles, an important asset for scans at high magnetic fields due 

to specific absorption rate concerns. Applications for knee imaging demonstrated accurate and precise 

T2 estimates4,12. Recent studies have shown its potential in breast13, prostate14 and brain15–17 imaging. 

This latter application is therefore an interesting prospect as T2 mapping sequences can be used to 

monitor multiple cerebral pathologies including dementia18, focal epilepsy19, ischemia20 and multiple 

or hippocampal sclerosis21–23. 

Nonetheless, the sequence has often been described as sensitive to physiological motion13,15. This 

sensitivity has been assumed to be the cause of artifacts as well as discrepancies in T2 values, meaning 

that the reconstructed 3D T2 maps are rapidly prone to deterioration and, therefore, misinterpretation. 

Previous work has noted the DESS sequence’s particular sensitivity to B0 fluctuation induced by 

respiration24.  

To avoid physiologically induced motion artifacts, retrospective self-gating25, which allows the 

separation of data according to the subject’s breathing or heartbeat after the MR acquisition, is of great 

interest when considering steady-state sequences such as the DESS. Avoiding triggering, and therefore 

interruptions in the acquisition, is vital in order to preserve the steady state of the magnetization. 

Multiple strategies can be employed, whether it be with physiological monitoring (ECG, respiratory 

belt)26, or with the additional acquisition of a gating signal in the absence of phase encoding 

gradients27. While it has been shown to be a powerful tool for imaging the abdomen28 and the heart29, 

whether or not retrospective self-gating can be used to identify and correct such fluctuations efficiently 

on DESS brain images remains to be assessed. 

Gating implies selecting the data according to the subjects’ breathing in order to reconstruct time-

resolved images, leading to either longer acquisition times or undersampled data. Compressed-

Sensing30,31  presents a set of advantages that accommodate such a compromise quite well. Not only 

does it provide high quality images with interesting acceleration factors but it also enables handling 

undersampled k-spaces adeptly with parallel imaging reconstruction as well as spatial and temporal 

regularizations32,33.  
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Another way to circumvent artifacts caused by a periodic disruption of the encoding such as 

respiration is to change the manner in which the Cartesian phase encoding plane is sampled. Rather 

than traditionally acquiring the lines of k-space linearly along the phase and partition encoding 

directions, diversifying or randomizing the values of ky and kz at each repetition contains the potential 

to interrupt the respiratory coherence even further. The golden-step Cartesian trajectory with spiral 

profile ordering34 samples the phase encoding plane in a spiral-like fashion, i.e., along spiral 

“interleaves” ordered according to a golden angle step. Such a technique represents an encoding 

scheme that could address the aforementioned problems without inducing other dilemmas such as 

Eddy currents resulting from drastic phase gradient changes.  

Consequently, the overall objective of the current study was to implement rapid 3D DESS sequences 

that incorporated none, one, two or all of the previously mentioned techniques25,30,34 (self-gating, 

Compressed-Sensing and spiral profile ordering) for brain imaging and to subsequently estimate their 

efficiency with respect to the respiratory correction as well as their T2 estimates' repeatability. 

 

 

2. METHODS 

 

2.1. System 

The experiments were performed on a 3T Prisma Siemens scanner using a body coil for transmission 

and a 64-channel head coil for signal reception. 

 

2.2. Fully DESS sequence 

An in-house Cartesian 3D DESS sequence was implemented. The SSFPFID and SSFPEcho images were 

acquired at echo times TE1 and TE2 respectively, where TE2=TR-TE1, with TR being the repetition 

time. Contrary to some previous works12,14,15, an additional independent spoiler gradient was not 

implemented into the sequence in order to minimize the effects of diffusion on the T2 mapping. This 

initial standard fully sampled version of the sequence will be consequently referred to as « 

Fully DESS ». A representative example showing a ghosting artifact on the images is available in 

Supporting Information Figure S1. 

 

2.3. Self-Gating 

In order to capture the influence of respiration on the DESS acquisitions, the additional acquisition of 

a gating signal at the start of every TR, was implemented (Figure 1a-b). This enabled the acquisition 

of 4 center k-space points which were then averaged. The resulting signal’s phase captured the 

respiratory cycle and was therefore used retrospectively to sort the acquired k-space lines with respect 
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to their respiratory phase. For each respiratory phase, one volume could therefore be reconstructed. To 

avoid highly undersampled respiratory resolved volumes, multiple repetitions were performed. This 

adaptation will be designated as the « Gated DESS ». 

The respiratory traces obtained with a respiratory belt on one participant during the acquisition were 

compared to the phase of the gating signal to confirm the correlation between them (see Supporting 

Information Figure S2).  

 

2.4. Compressed-Sensing Trajectory 

To shorten acquisition time, a Compressed-Sensing (CS) trajectory was then implemented with a 

variable density Poisson disk mask employed in the ky-kz plane ensuring a fully sampled center of 

24x24 voxels (Figure 1c), subsequently used to estimate the coil sensitivity maps, and an acceleration 

factor of 8, as already described by Trotier et al30. To maximize the sampling of the k-space of each 

respiratory resolved volume, the undersampling mask was varied at each repeated acquisition, whilst 

maintaining the k-space center fully sampled. This accelerated version of the Gated DESS will be 

identified as the « CS-DESS » sequence. 

 

2.5. Spiral Cartesian Trajectory 

Once the Compressed-Sensing mask was applied, the encoding trajectory was further modified by 

implementing a golden-step Cartesian sampling with a spiral ordering in the phase encoded directions, 

inspired by the work of Prieto et al.34. This reordering could be adjusted according to the size of the 

spiral interleaf, i.e., the number of acquired lines from one end of a spiral to the other. In this case, the 

length of the spiral interleaf was set to the maximum, meaning that all the lines were encoded in a 

single spiral-like trajectory. This parameter was optimized in a preliminary study35. This version of the 

sequence, which incorporates Self-Gating, Compressed-Sensing, and a Spiral Cartesian trajectory, was 

named « SPICCS-DESS » thereafter (Spiral Cartesian Compressed-Sensing Dual Echo Steady-State) 

(Figure 1d). 

 

 

2.6. Image Reconstruction 

Reconstruction was achieved with the Gadgetron software36 and the Berkeley Advanced 

Reconstruction Toolbox (BART, version 0.6)37.  

While the Fully DESS images were reconstructed with a classic inverse Fourier Transformation, the 

Gated DESS, CS-DESS and SPICCS-DESS volumes were handled differently. The gating signal was 

processed with the SSA-FARY method38 after coil compression to 12 virtual coils (Figure 2). The 

principal components that best describe the respiratory oscillations, i.e., the first Empirical 

Orthonormal Functions (EOF) pair’s phase portrait, were thus retrieved and divided into distinct bins, 
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i.e., separated according to their respiratory phases. The acquired k-data echoes could then be 

allocated to each of these bins and reorganized to construct a new k-space per bin. If more than one 

acquired echo could fill the same line in the k-space due to the repetitions, the echoes were averaged in 

order to maximize SNR. A low-resolution Gated DESS was first used to evaluate the optimal number 

of bins, from 1 to 10, and images were reconstructed for each bin with an inverse Fourier 

Transformation. The CS-DESS and SPICCS-DESS data were subsequently separated into 7 bins and 

images were consequently reconstructed from the resulting k-spaces by using joint parallel imaging 

and Compressed-Sensing30 with spatial wavelet regularization (lambda=0.01), and temporal total 

variation regularization (lambda=0.5) along the bins, over 30 iterations. The resulting images from 

each bin were then summed up with a sum-of-squares for SNR enhancement.  

To reduce the sequence’s acquisition time, the SPICCS-DESS data was retrospectively reconstructed 

with NR=6 or 4 instead of 8 by omitting the last repetitions progressively 2 at a time. 

 

2.7. T2 mapping 

The image ratio SSFPEcho/SSFPFID was matched voxel-wise to a dictionary computed with the 

Extended Phase Graph algorithm39–41 to perform T2 mapping. The dictionary of signals obtained with 

the Sycomore toolkit42 was built from the simulation of the DESS sequence for a given set of both 

fixed parameters (TR=15ms, TE1=5ms, TE2=10ms, Flip angle=10°, and Apparent Diffusion 

Coefficient=1 m2/ms in order to approximate the diffusion effects of the readout gradients) and 

variable ones (600<T1<1600ms incremented every 10ms, 70<B1
+

efficiency<130% incremented every 5%, 

1<T2<150ms incremented every 1ms). Transverse magnetization states with populations inferior to a 

threshold of 0.01% of M0 were considered to have negligible signal contributions and were ignored in 

order to save on computation time.  

Voxel-wise T1 (from a 3D Compressed-Sensing MP2RAGE sequence) and B1
+ (2D PreSat-TFL B1 

sequence) values were directly obtained from the T1 and B1
+ maps, which were first co-registered to 

the DESS images using the SPM12 software (https://www.fil.ion.ucl.ac.uk/spm). (Figure 2). 

 

2.8. Reconstruction analysis 

The optimization and evaluation of the precision and repeatability of the methods were performed on 

the resulting T2 maps using Matlab R2019b. For each subject, the segmentation of the coregistered 

MP2RAGE image was performed with SPM1243. Gray and white matter masks were defined by 

voxels for which the probability of belonging to the given tissue class exceeded 0.99. Volumetric brain 

information was also extracted from the MP2RAGE image using the volBrain software44 allowing the 

analysis of multiple segmented brain structures (caudate, putamen, thalamus, pallidum, hippocampus). 

 

2.9. In vivo experiments 
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The following in vivo experiments were conducted with approval granted by the local ethics 

committee and the informed written consent of the participants. 

 

2.9.1. Optimization of the number of bins 

Firstly, a low-resolution 3mm Gated DESS was acquired on a single subject in order to ascertain the 

effects of respiration on the images, evaluate the efficiency of the subsequent data binning and 

optimize the number of bins (respiratory cycle phases) to use for reconstruction. The parameters were: 

TR = 15 ms, TE1 = 5 ms, TE2 = 10 ms, flip angle = 10°, field of view (FOV) = 192 x 192 x 168 mm3, 

matrix size = 64 x 64 x 56 (3mm isotropic resolution), Number of Repetitions (NR) = 50, Acquisition 

Time (TA) =44min51s, sagittal orientation, A >> P phase encoding direction, bandwidth = 390 

Hz/pixel. NR=50 was necessary in order to ensure the complete filling of a maximum of 10 respiratory 

binned k-spaces and the ensuing inverse Fourier transform reconstruction.  

The number of respiratory bins (Nbin) was varied from 1 to 10. For all Nbin, the standard deviation 

was computed in the background region of the 3D dataset reconstructed from a single bin. 

Additionally, the images were then compared to the one obtained with the maximum number of bins 

(Nbin=10) by computing the relative absolute difference. The mean signal from the entire dataset was 

measured for all resulting difference images. Finally, the standard deviation normalized by the mean 

of the estimated T2 across the white matter region was investigated for all Nbin. 

 

2.9.2.  Application of the DESS methods  

The following protocol was then carried out on eight healthy subjects (aged between 24 and 39 years, 

3 females and 5 males).  

 

The Fully DESS, CS-DESS and SPICCS-DESS sequences were performed twice (test-retest) after 

repositioning. The parameters were: TR = 15 ms, TE1 = 5 ms, TE2 = 10 ms, flip angle = 10°, FOV = 

192 x 216 x 172.8 mm3, matrix size = 160 x 180 x 144 (the FOV and matrix size were adapted to the 

head size of each volunteer while maintaining a 1.2mm isotropic resolution), TA=7min01s, sagittal 

orientation, A >> P phase encoding direction, bandwidth = 390 Hz/pixel. The CS-DESS and SPICCS-

DESS were conducted with the acceleration parameters specified above and a number of repetitions 

(NR) set to 8, i.e., equal to the undersampling factor, in order to have acquisition times similar to the 

Fully DESS’s. The NR was additionally set to 6 and 4 in retrospective reconstructions in order to 

evaluate the impact of reducing the number of repetitions on the method’s performance. 

A 3D Compressed-Sensing MP2RAGE sequence (MP2RAGE TR = 5000 ms, TI1 = 800 ms, TI2 = 

2200 ms, TR = 7 ms, TE = 3.5 ms, flip angle = 7°, Echo Train Length = 125, FOV = 256 x 256 x 160 

mm3, matrix size = 256 x 256 x 160, 1mm isotropic resolution, TA=3 min 23 s, A >> P phase 

direction, bandwidth = 390 Hz/pixel, undersampling factor = 8) and a 2D PreSat-TFL B1 mapping 
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sequence (TR = 16.45 s, TE = 1.92 ms, flip angle = 8°, FOV = 218 x 218 x 180 mm3, matrix size = 

128 x 128 x 25, TA=33 s, A >> P phase encoding direction, bandwidth = 490 Hz/pixel) were 

additionally acquired for each test and retest. 

The impact of the number of bins was then estimated on the CS-DESS and SPICCS-DESS 

acquisitions by computing the associated k-space filling rates. This was calculated as the number of 

filled k-space lines divided by the total number of lines of a fully sampled k-space, i.e., the proportion 

of k-space that is sampled after the respiratory binning. This value was averaged for all subjects, and 

was calculated for a varying number of bins (5 to 9). The same operation was performed to calculate 

the filling rate of the k-space center, i.e., the sampled proportion of the 24 x 24 encoded lines in the 

center of k-space after the binning. 

 

 

2.9.3. Analysis and validation 

The CS-DESS and the SPICCS-DESS were compared to the Fully DESS by computing the T2 values 

and their respective standard deviations across white and gray matter regions.  

The distributions of T2 values in those regions as well as in the caudate, putamen and thalamus regions 

were also measured with violin plots. Their interquartile ranges (IQR) of the three resulting groups 

(Fully, CS and SPICCS-DESS, with 8 subjects per group) were then compared via two right-sided 

Paired Student t-tests (Test 1: Fully vs CS, Test 2: CS vs SPICCS). Significant results (P<0.01) 

reflected a significantly higher IQR for the Fully than CS (Test 1) and a higher IQR for CS than 

SPICCS (Test 2). 

 

The repeatability of the three sequences was assessed by means of Bland-Altman plots representing 

the voxel-wise T2 differences between both tests normalized by their T2 average, across all voxels of 

the white and gray matter regions and the three previously mentioned substructures, with respect to 

their T2 average. The 95% confidence interval was computed by calculating the limits of agreement, 

i.e., the mean T2 difference ± 1.96*standard deviation of the T2 difference. The proportion of voxels in 

these regions with test-retest T2 differences below 20% was also calculated, as well as M, the mean 

test-retest T2 difference across all voxels in the caudate, putamen and thalamus regions. 

Mathematically, 𝑀 = meanሺ{DIFF𝑖}1<𝑖<𝑁ሻ ± stdሺ{DIFF𝑖}1<𝑖<𝑁ሻ, where DIFF𝑖 =
𝑣𝑖,𝑡−𝑣𝑖,𝑟𝑡

meanሺ𝑣𝑖,𝑡,𝑣𝑖,𝑟𝑡ሻ
× 100 

represents the difference between the test-retest T2 values vi,t and vi,rt of the ith voxel normalized by its 

average test-retest T2 value and N is the total number of voxels in the selected structure. This was 

performed for each volunteer. 

 

The tradeoff between the number of repetitions and the image quality of the SPICCS-DESS images 

was evaluated by assessing the T2 distribution and repeatability in the different segmented regions of 
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the data retrospectively reconstructed with less repetitions. The T2 interquartile ranges of the three 

groups (NR=8, NR=6 and NR=4) were evaluated with a left-sided Paired Student t-test (Test 1: NR=8 

vs NR=6; Test 2: NR=6 vs NR=4). 

 

 

 

3. RESULTS 

 

3.1. Optimization of the number of bins 

The Fully DESS images showed poor quality due to ghosting artifacts present in the sagittal direction, 

i.e., the partition encoding direction, despite the head being firmly set (Figure 3a, Figure 4a). These 

deteriorations were further amplified in the corresponding T2 maps, particularly in the white matter 

region. 

  

Applying the binning method in the 3mm Gated DESS reconstruction successfully mitigated the 

ghosting artifact (Figure 3). The noise i.e., the standard deviation in the affected background region, 

displayed a gradual decrease in the SSFPFID and SSFPEcho images as the number of bins increased, 

reaching a plateau towards 6-7 bins in the SSFPEcho image.  The mean absolute signal difference 

between the reference image and the Gated DESS images demonstrated once more the progressive 

suppression of the artifact when increasing the number of bins. The white matter T2 normalized 

standard deviation reached a plateau towards 7-8bins, decreasing from 38 to 26%. The Gated DESS 

protocol therefore confirmed that respiration was at the root of the image degradation and indicated 

that sorting the k-space lines into 7-8 bins of the respiratory cycle would be sufficient for optimal 

artifact correction. 

 

Varying the number of bins from 5 to 9 demonstrated a progressive decrease in the CS-DESS and 

SPICCS-DESS filling rates (Table 1), from approximately 17.7% to 10.6% and from 82.6% to 60.2% 

for the k-space and k-space center, respectively. For 7 bins, the resulting k-spaces were filled 

approximately the same as a k-space with an undersampling factor of 8 (~13.4% filling rate) and 

around 70% of the k-space center was sampled, for all subjects. While a smaller number of bins 

resulted in a better filling rate, the metric measurements showed in Figure 3 indicated insufficient 

artifact correction. Conversely, a larger number of bins indicated a filling rate lower than that of a k-

space with an undersampling factor of 8, and an artifact correction that did not largely improve with 

respect to the different metrics than the 7 bins reconstruction. This was the criterion that set 7 as the 

optimal number of respiratory bins used thereafter.  
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3.2. Analysis and validation 

By following this approach, the artifact was largely suppressed in the CS-DESS and SPICCS-DESS 

images with 1.2mm voxel size when compared to the Fully DESS (Figure 4).  

In the latter, T2 values measured in the entire white matter region, for instance, were highly 

inhomogeneous for all subjects. In the representative case depicted in Figure 4, T2 standard deviations 

were estimated to be 14.9ms and 23.8ms, i.e., 28% and 34% of the mean T2 of the white and gray 

matter regions, respectively. For all the other subjects, they were measured to be between 23% and 

47% in the white matter region and between 30 and 53% in the gray matter region, test and retest 

scans included.  

The CS-DESS produced a notably more homogeneous T2 map. In this case, T2 standard deviations 

were reduced to 18% and 20% in the white and gray matter regions, respectively, in the representative 

case. For both test and retests of all volunteers, the standard deviation was also lower than with the 

Fully DESS and varied from 11 to 21% in the white matter and from 17 to 25% in the gray matter. 

However, it can be seen on the SSFPEcho in Figure 4 that the ghosting artifact was not completely 

suppressed, and the resulting T2 map was asymmetrical with certain areas having lower T2 values 

(highlighted by the dashed circle in the right hemisphere in Figure 4 for example).  

In contrast, the SPICCS-DESS acquisition returned artifact-less anatomical images with the most 

homogeneous T2 map. The T2 standard deviations in the white matter region were reduced to 12% for 

the representative (17% in the gray matter region) and between 11 and 16% all volunteers/tests 

included (between 16 and 22% in the gray matter region). 

 

Figure 5 further emphasizes the improvement of the T2 mapping quality with the proposed protocol. 

The violin plots established a clear difference in the distribution of all voxels in the gray matter, white 

matter, caudate, putamen and thalamus regions between the Fully DESS and the accelerated DESS 

methods, for all subjects. The measured interquartile ranges were 2 to 12 times greater for the Fully 

DESS data. Indeed, in the Fully datasets, the IQR ranged between 25 and 32ms in the gray matter, 

between 15 and 27ms in the white matter, between 21 and 60ms in the caudate, between 14 and 64ms 

in the putamen and between 12 and 36ms in the thalamus, all volunteers included. On the contrary, the 

IQR in the CS-DESS datasets ranged between 12 and 16ms in the gray matter, between 7 and 10ms in 

the white matter, between 9 and 16ms in the caudate, between 6 and 11ms in the putamen and between 

5 and 12ms in the thalamus. Finally, the IQR ranges in the SPICCS-DESS sequence were further 

reduced with ranges between 11 and 15ms in the gray matter, between 6 and 10ms in the white matter, 

between 8 and 12ms in the caudate, between 5 and 8ms in the putamen and between 5 and 7ms in the 

thalamus. According to the paired t-test results across all participants, the IQR of the CS was 

significantly lower than the IQR of the Fully in all regions tested. The IQR of the SPICCS was also 
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significantly lower than the one of CS in all regions except in the thalamus (P=0.065) and the whole 

gray matter (P=0.047). 

 

The test-retest repeatability experiments showed that the absolute mean T2 difference between Fully 

DESS scans could vary from 0.1 to 40 % in the white matter region for all subjects (1 to 15% in the 

gray matter region). The CS-DESS test-retest returned absolute mean T2 differences between 0.7 and 

11% and between 0.8 and 16% in the white and gray matter regions, respectively. Finally, the 

SPICCS-DESS scans returned the most repeatable values, with 0.2 to 6% and 0.5 to 5% absolute mean 

T2 differences in the white and gray matter regions, respectively. More specifically, the SPICCS-

DESS maps had an average of 89% and 81% of voxels that had a T2 difference below 20% in the 

white and gray matter regions, respectively, across all volunteers, compared to 78% and 71% for the 

CS-DESS, and 39% and 37% for the Fully DESS. This gradual improvement is reflected in the 

representative case in Figure 6a and 6b.  

The measurements in the caudate, putamen, thalamus regions also demonstrated a reduction of their 

mean T2 test-retest differences for all subjects (Figure 6c) in the CS-DESS and SPICCS-DESS 

sequences. A summary of these results can be found in Supporting Information Table S1. 

 

In order to characterize the SPICCS-DESS sequence, T2 estimates of multiple brain regions of the first 

scan were classified in Table 2. The estimates in the putamen, thalamus and pallidum regions were 

precise as their T2 standard deviations were measured between 9 and 13% of their T2 mean for most 

subjects. However, the caudate and hippocampus regions presented larger standard deviations (18 to 

35% and 17 to 23% margins of error respectively). Looking deeper at their segmentations, voxels with 

T2 values over 130ms were detected on the periphery of their segmentations. 

 

The final endeavor was the optimization of the sequence’s acquisition time. Omitting 2, and 

subsequently 4, repetitions, resulted in SPICCS-DESS images that were reconstructed from data 

acquired in 5min16s and 3min32s, respectively. Both the resulting anatomical and quantitative images 

were artifact-less and of good quality (Figure 7), albeit slightly compromising on spatial resolution (as 

seen in the magnified ROIs in Figure 7b and 7c) when compared to 8 repetitions. The T2 maps were 

once again homogeneous, and the estimation of T2 values in the regions of interest remained less 

variable than the Fully DESS’s (Figure 8a) (between 9 and 12ms, between 5 and 8ms, and between 5 

and 7ms interquartile ranges in the caudate, putamen and thalamus regions, respectively, for NR=6; 

between 9 and 14ms, between 5 and 8ms, and between 5 and 8ms interquartile ranges in the caudate, 

putamen and thalamus regions, respectively, for NR=4, all volunteers included). The increase in IQR 

with the decreasing number of repetitions was not significant in the putamen region. It was however 

significant in the caudate and thalamus regions (except between NR=8 and NR=6 in the thalamus with 

P=0.195). Finally, repeatability was only slightly affected by the reduction of the number of 
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repetitions (Figure 8b showing the case of a representative volunteer). For all volunteers, the absolute 

mean T2 differences were between 0.2 and 4.2% and 0.6 and 6.3% in the white matter and gray matter 

regions respectively, with NR=6; 0.6 and 8.4% and 1 and 9% absolute mean T2 differences in the 

white matter and gray matter regions respectively, with NR=4. NR=6 had an average of 88% and 80% 

of voxels that had a T2 difference below 20% in the white and gray matter regions, respectively, across 

all volunteers, compared to 82% and 76% for the NR=4. These averages were only slightly lower than 

the ones measured on the original SPICCS-DESS with NR=8 and remained higher than both the Fully 

DESS’s and the CS-DESS’s. Absolute mean T2 differences in the caudate, putamen and thalamus 

regions also showed slightly lower repeatability with decreasing NR: the average and standard 

deviation across participants of the mean T2 differences across voxels were 5 ± 4.1%, 7.2 ± 3.8% and 

5.8 ± 4.1% for NR=6; and 7.5 ± 5.3%, 8.8 ± 4.7% and 8.3 ± 5.3% for NR=4, for the caudate, putamen 

and thalamus respectively. 

 

 

4. DISCUSSION 

 

Proposing a viable and robust 3D DESS T2 brain mapping sequence is challenging due to its 

sensitivity to physiological noise which corrupts the acquired data and the resulting estimated maps. 

This work identified respiration as the main factor in the creation of the ghosting artifacts in the DESS 

brain images. 

The use of retrospective self-gating not only established this correlation but additionally presented a 

method for artifact correction. Nevertheless, separating the data into seven distinct respiratory phases 

resulted in the need for repetitions. It is thus the combination of self-gating, CS acceleration and spiral 

Cartesian reordering that grants this 3D DESS sequence the ability to produce artifact-corrected 

anatomical and quantitative images whilst maintaining high spatial and temporal resolutions. As a 

matter of fact, the latter can be further shortened to under 4 minutes without any major drawbacks 

which could be an interesting feature for non-cooperative patients. 

 

The ghosting artifact observed on the Fully DESS images appeared in the partition encoding direction, 

with one partition being sampled every 2.4 seconds once all its phase iterations had been completed. 

This was the first indicator that a slow periodic perturbation such as respiration could be at the root of 

the image degradation. Combining this information with the respiration-correlated gating signal and 

the fact that the subjects’ heads were firmly set in the coil led to the hypothesis that respiration 

induced B0 variation provoked this artifact. Upon further investigation based on numerical 

simulations, B0 variations do indeed induce phase and magnitude fluctuations in the SSFPFID and 

SSFPEcho signals (see Supporting Information Figure S3). The presence of a separate spoiler typically 
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found in recent DESS works could help mitigate these discrepancies, especially for tissues with high 

diffusivity such as the cerebral spinal fluid. However, this does not necessarily ensure complete 

artifact suppression (see Supporting Information Figure S5) and repeatability could thus be 

compromised as well. Furthermore, introducing additional spoiling gradients results in higher 

sensitivity to diffusion properties of the tissue and therefore necessitates a correct estimate of the ADC 

values in the brain for accurate T2 mapping (see Supporting Information Figures S4 and S5). The 

current method is therefore preferable in terms of artifact suppression and T2 estimation. A summary 

of the impact of B0 variation and spoiling on DESS signals is detailed in Supporting Information 4.   

 

The processing of the acquired gating signal was performed automatically and efficiently with SSA-

FARY, returning noise-less components that best describe the respiratory variation. In fact, it also 

adds the possibility of including cardiac oscillations into the gating. Indeed, the Fourier transform of 

the phase of the gating signal displayed a peak around the same frequency as the cardiac frequency (~ 

1Hz), albeit less intense than the respiratory peak (see Supporting Information Figure S2). Using SSA-

FARY’s ability to simultaneously retrieve the respiratory and cardiac oscillations would enable a 

double gating of the signal. However, a larger amount of data, and therefore a longer acquisition time, 

would be needed to reach sufficiently filled « double-binned » k-spaces with an adequate spatial 

resolution.  

 

Even though we believe that B0 variations are at the root of the image degradation, minor bulk motion 

induced by respiration or cardiac pulsation should not be excluded as another possible source of 

artifacts. Nevertheless, this procedure remains valid regardless as it proposes an image reconstruction 

based on binning according to different stages of a periodic fluctuation, and not an actual correction of 

the signal. However, the sum of squares of the resulting binned images for SNR maximization would 

previously necessitate an appropriate co-registration of the images. 

 

The reconstruction of the binned k-spaces' pseudo-random sparse sampling was resolved easily by 

virtue of the Compressed-Sensing approach, which consequently helped reach the desired acquisition 

time. The undersampling factor 8 was empirically chosen after having been validated in previous 

works30 and compared to factors 6, 10 and 12 on one healthy volunteer (data not shown). The 

comparison did not yield any notable differences, which was to be expected as the number of 

repetitions would also change accordingly to maintain the same acquisition time. The optimal 

regularization parameters were also determined empirically, and might require adjustments according 

to the different k-space filling rates. Although essential, the Compressed-Sensing approach in this 

study is not without limitations such as this need for manual adjustment of the reconstruction 

parameters, the slight blurring introduced into the images and the prerequisite of being able to perform 

reconstructions externally with Gadgetron. 
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The golden-step Cartesian sampling with spiral reordering proved quite useful in disrupting the 

coherence of the respiratory artifact. The ghosting patterns that could originally be seen on the Fully 

DESS images were « spread out » as noise over the entire volumes. As a result, the act of 

accumulating repeated k-space lines during the respiratory binning as well as summing the 

reconstructed images boosted the image quality and the T2 mapping precision. The benefit of this 

technique was observed on the anatomical and quantitative images and the improved repeatability 

measurements, when compared to the CS-DESS. Additional experiments were carried out35 in order to 

set the spiral interleaf length equal to the number of phase encoded lines, ensuring a minimal change 

in gradient intensity to minimize any arising Eddy currents. 

 

The EPG dictionary served as a fitting model that allowed the storage of simulated signals covering a 

large array of T1, B1
+ and T2 variations. The acquisition of B1

+ and T1 maps was necessary for precise 

T2 estimations, especially with the DESS sequences being known to be quite sensitive to B1
+ variation 

at low flip angles such as the one employed here, a sensitivity which increases with shorter T1 times4,8.     

Recent works have shown that the DESS sequence can be used for B0 mapping10. Reconstructing one 

B0 map and one T2 map per respiratory phase could potentially improve the accuracy of the T2 

estimates. Indeed, the gold standard Spin-Echo sequence provides longer T2 values in gray and white 

matter regions than the current protocol45–47, which is not the case for phantom experiments (details in 

Supporting Information Table S1 and Figure S6).  This offset could potentially arise from some 

phenomenon not accounted for in our model, such as magnetization transfer, or variability of 

respiration amplitude and minor bulk motion that can both disrupt the steady state48. 

 

As a testament to the SPICCS-DESS’s quantitative precision and high spatial resolution, T2 estimates 

were assessed on several smaller structures and compared to those found in the Fully and CS-DESS 

maps. Most regions displayed T2 standard deviations below 10% of their mean T2 estimate, as well as 

lower mean test-retest T2 differences reflecting a more efficient repeatability between tests than the 

other two sequences. The high T2 values found in the caudate and hippocampus regions suggested that 

part of the cerebral spinal fluid had been included in their respective segmentations, which in turn led 

to higher standard deviations. The hippocampus is also known to possess several internal 

substructures49,50, which could further explain its T2 inhomogeneity.  

 

An extremely important aspect of the current study is the reliable and improved intra-subject 

repeatability when compared to the Fully DESS. A subsequent step to this study would be to extend 

the patient age range in order to get the full scope of the sequence’s T2 quantification ability and to 

apply it for the diagnosis and monitoring of pathologies such as multiple sclerosis. 
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Reducing the number of repetitions while maintaining efficient repeatability proved to be a promising 

aspect of the method as it both shortens acquisition time and leads to a smaller chance of patient 

movement during the scan. Investigating higher acceleration factors could be particularly interesting as 

there would be more options to choose from in terms of number of repetitions. For instance, with an 

undersampling factor of 12, one could set the number of repetitions to 12, 11, 10, 9…etc. A detailed 

study of this aspect of the sequence would therefore be very useful depending on the compromise one 

wishes to make between spatial and temporal resolutions.  

 

The ability to shorten the acquisition time thus shows great promise, especially when considering 

submillimetric spatial resolutions. This leads to the idea of transferring the sequence to a higher 

magnetic field strength scanner (7T), especially since the low flip angles used here decrease the 

likelihood of specific absorption rate issues.  

  

Availability of the DESS sequence and reconstruction on a clinical scanner is not currently possible in 

clinical routine. That is why the sequence and the reconstruction codes developed in this study can be 

provided upon request. 

 

5. CONCLUSIONS 

 

By blending different cartesian encoding and reconstruction schemes into a T2 quantification protocol, 

a 3D DESS sequence has been optimized with respect to its sensitivity to B0 variation and its T2 

mapping repeatability. The gradual implementation of retrospective self-gating, golden-step spiral 

reordering and Compressed-Sensing acceleration allowed an in-depth analysis of the respiratory 

artifact correction. A clear improvement was consequently observed in the image and map quality, as 

well as the voxel-wise T2 distribution and repeatability. The SPICCS-DESS sequence therefore allows 

a rapid and robust estimation of the T2 parameter in the whole brain, facilitating the longitudinal 

monitoring of cerebral pathologies and treatments.   
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TABLES 

 

 

 

Table 1: Average filling rates of the SPICCS-DESS k-spaces and k-space centers with different 

numbers of bins across all volunteers. 

 

 

 

Table 2: SPICCS-DESS T2 test-retest values (mean ± standard deviation) measured in the various 

segmented brain structures, for each volunteer. 

 

 



 

 1 

 

Figure 1: a. DESS chronogram and acquisition specifics, with the insertion of the gating module 

(Gated DESS). b. The gating signal (4 points in the center of the k-space) was acquired in the same TR 

as the SSFPFID and SSFPEcho echoes, and the phase of this signal was analyzed. c. A Compressed-

Sensing mask was applied to obtain undersampled images. At this step, the sequence is called CS-

DESS. d. A further modification of the encoding was added through a Golden-Step Cartesian 

Encoding trajectory with spiral profiling. The resulting k-space encoding scheme is presented, at 

which point the sequence is now called SPICCS-DESS. 
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Figure 2: Full reconstruction pipeline for the CS-DESS and SPICCS-DESS sequences. The gating 

signal was processed with SSA-FARY and divided into 7 bins here in order to assemble new k-spaces. 

The k-spaces were undersampled, requiring Compressed-Sensing parallel imaging reconstruction with 

spatial and temporal regularizations (contrary to the fully sampled k-spaces of the Gated DESS). 

SSFPFID and SSFPEcho images were reconstructed and summed up respectively. The ratio of the two 

resulting images were then fitted voxel-wise to a Lookup Table simulated with the EPG framework 

(and optimized with the B1 and T1 maps acquired during the exam) in order to produce the T2 map. 
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Figure 3: a. The 3mm Gated DESS data reconstructed with 1 to 10 respiratory bins. Image contrast 

was adjusted in order to properly observe the ghosting artifact. The green ROI contours the entire 

background of the Gated DESS SSFPEcho images.  d. Evolution of the normalized standard deviation in 

this ROI with respect to the number of bins, for both the SSFPFID and SSFPEcho images. b. Absolute 

difference images of the Gated DESS SSFPEcho images minus the reference image (here the 10 bins 

Gated DESS). The blue squared ROI was used to highlight the fact that the whole 3D dataset was 

analyzed. e. Evolution of the mean signal in this ROI with respect to the number of bins. c. The 

corresponding Gated DESS T2 maps, with the white matter region highlighted in red. f. Evolution of 

this region’s T2 normalized standard deviation in the Gated DESS T2 maps with respect to the number 

of bins. 
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Figure 4: Comparison between Fully DESS (a-c), CS-DESS (d-f), and SPICCS-DESS (g-i) images in 

all spatial directions for a representative subject. The highlighted region on the CS-DESS T2 map 

shows the area of the right hemisphere with lower T2 values due to incomplete artifact suppression. a., 

d., g.: SSFPFID images. b., e., h.: SSFPEcho images. Image contrast was adjusted in order to properly 

observe the ghosting artifact. c., f., i.: Resulting T2 maps. 
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Figure 5: Violin plots for each subject regrouping all voxels in the gray matter, white matter, caudate, 

putamen and thalamus regions for the Fully (dark cyan), CS (cyan) and SPICCS-DESS (light cyan) 

sequences. 
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Figure 6: Bland-Altman plots in a. gray and b. white matter areas depicting test-retest T2 normalized 

differences with respect to the T2 averages, from the Fully DESS (left), the CS-DESS (middle) and the 

SPICCS-DESS (right), for the representative subject (Subject 6). c. M, the mean test-retest T2 

normalized differences of the three segmented substructures for all subjects, from the Fully DESS 

(left), the CS-DESS (middle) and the SPICCS-DESS (right). 
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Figure 7: Comparison of the SPICCS-DESS with NR=8, 6, 4. a. SSFPFID images. b. SSFPEcho images. 

c. Corresponding T2 maps. The green ROI in the SSFPEcho and T2 maps was magnified in order to show 

the slight decrease in image sharpness resulting from less repetitions being used. 
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Figure 8: Comparison of the SPICCS-DESS with NR=8, 6, 4. a. Violin plots depicting the T2 

distribution in the caudate, putamen and thalamus regions. b. Bland-Altman plots in the white matter 

area depicting test-retest T2 difference with respect to the T2 average.  c. Mean test-retest T2 

differences (M) of the three segmented substructures for all subjects. 

 

 

 

 



 

 

Supporting Information 1: Fully DESS artifact 

 
Figure S1: Fully DESS images in all spatial directions for a representative subject. a. SSFPFID images. b. 

SSFPEcho images. c. Resulting T2 maps. A ghosting artifact can be observed on all images, notably corrupting 

the SSFPEcho images and the T2 maps. 

  



 

 

Supporting Information 2: Respiration vs Self-Gating signal 
 

 

 

 
Figure S2: a. Respiratory traces obtained with the respiratory belt. b. Phase of the simultaneously acquired 

gating signal. c. The corresponding spectra of both signals further emphasized the correlation with peaks 

appearing around 0.17-0.22 Hz.  

  



 

 

Supporting Information 3: Mean test-retest T2 differences 
 

 
Table S1: Mean test-retest T2 differences in all the segmented structures of interest for all subjects. The 

bottom row shows the average of the absolute mean test-retest T2 differences across all volunteers. 

  



 

 

Supporting Information 4: B0 Variation and Spoiler effects on the DESS signal and T2 

estimation 

Supplementary signal simulations were performed in order to investigate the influence of B0 variation on the 

DESS signal as well as the effect of incorporating a spoiler into the sequence. These simulations were 

achieved via the Extended Phase Graph (EPG) formalism with the Sycomore toolkit1. The results of these 

simulations were then discussed and compared to results from an in vivo experiment. 

 

Simulations n°1 specifics: 

As was the case for the simulation of the signal dictionary used for T2 estimation, the DESS sequence was 

reproduced by specifying the TEs, TR and flip angle mentioned in “Methods” as well as the unbalanced 

readout gradient moments. Similarly to Dregely et al2, an additional spoiler gradient was added in the phase 

encoding direction in the time separating the two readouts. Its dephasing cycles across a voxel were varied 

between 0 (i.e., no spoiler) and 20p. A periodic B0 variation was generated by introducing an offset varying 

between 0 and 10Hz over a period similar to the respiratory cycle (4 seconds). 10Hz was chosen after 

considering multiple previous studies recording B0 variation for brain and breast imaging3,4. Simulations 

were then run for different tissue types, i.e., for combinations of T15, T26 and ADC7 values similar to those 

found in the white matter (WM), gray matter (GM) and cerebral spinal fluid (CSF) regions (Supporting 

information Figure S3).  



 

 

 
Figure S3: Simulations of a DESS sequence with a periodic 10Hz B0 variation (top left). The left-hand side 

depicts the evolution over time of the SSFPFID and SSFPEcho phase and magnitude signals for a gray and 

white matter tissue type, whereas the right-hand side corresponds to the same evolution for a CSF tissue type 

(details in the top right). The three different signal curves represent the signals in the cases where the 

dephasing cycle across a voxel is equal to 2p multiplied by a varying factor SP (0, 4, 8). 

 

Simulations n°1 results: 

These simulations demonstrated how a periodic B0 variation induces a fluctuation in the DESS signals. The 

phase variations without spoiling were measured to be approximately 0.3 radians and 0.6 radians in the 

SSFPFID and SSFPEcho respectively for the GM/WM tissue type, and 0.8 radians and 1 radian for the CSF 

tissue type. These fluctuations followed the same frequency as the respiratory frequency set for the B0 

variation. The magnitude variations were approximately 2.5% and 0.9% of the average signal in the SSFPFID 

and SSFPEcho respectively for the GM/WM tissue type, and 17% and 16% of the average signal in the CSF 

tissue type. 

The amplitude of these variations was proportional to the B0 offset (data not shown). 

The addition of spoiling demonstrated no notable effects on the DESS signal for the GM/WM tissue type, 

apart from a slight reduction of the magnitude variations. In fact, if the ADC were set to 0, the spoiler would 



 

 

have no effect whatsoever regardless of the other parameters (data not shown). On the other hand, the 

simulation for the CSF tissue type revealed that the strong spoiler gradient (SP=8) could halve the amplitude 

of the magnitude variations and slightly reduce the phase variations. 

 

Simulations n°2 specifics: 

The previous simulations demonstrated that, via the diffusivity of a tissue, a spoiler gradient could have an 

important effect on signal fluctuations induced by B0 variation. However, a hypothesized ADC value has to 

be specified to establish a dictionary signal and subsequently perform a T2 estimation. The following 

simulations were thus implemented in order to quantify the error in T2 estimation with respect to the 

difference between the hypothesized ADC value and the true ADC value. The latter in this case was set to 1 

µm2/ms. These simulations were done for gray (T1=1300ms, T2=65ms) and white matter (T1=880ms, 

T2=48ms) tissue types. 

 

 

Figure S4: T2 estimation errors in gray and white matter tissue types with respect to the number of spoiler 

cycles (SP in Figure S3) and the hypothesized ADC specified for the T2 estimation (true ADC value here set 

to 1 µm2/ms). 

 

Simulations n°2 results: 

This second set of simulations show that without any spoiling, the error in T2 estimation does not exceed 3% 

regardless of the hypothesized ADC. However, the more spoiler cycles the more the error increases, reaching 

up to 12% and 8% in the gray and white matter tissue types respectively, when the difference between the 

true ADC and the one used in the dictionary is 1 µm2/ms.  

 

In vivo experiment: 

In order to confirm the results of the previous simulations, an in vivo brain experiment was performed. Two 

1.2 mm Fully DESS sequences were acquired on a single subject with the same parameters specified in 

“Methods”, except for a TR set to 20ms to accommodate for an additional spoiler gradient (resulting 

acquisition time of 8min42s). The only difference between the two acquisitions was the presence of a spoiler 



 

 

gradient in the second scan and not the first one. This spoiler gradient was set to have an 8p dephasing cycle 

across a voxel. Three different T2 maps were then reconstructed for each acquisition, where the ADC used in 

the dictionary varied from 0 to 2 µm2/ms. 

 
Figure S5: Fully DESS T2 maps with (bottom row) and without (top row) spoiling. The ADC value used for 

T2 estimation is altered from left to right. 

 

In vivo experiment results: 

The introduction of a spoiler into the sequence demonstrates a reduction of the ghosting artifact in the brain 

T2 maps. This reduction is not complete however, as residual inhomogeneities can be seen in the white 

matter areas surrounding the ventricles. A stronger spoiler gradient could potentially diminish the artifacts 

further, but would also lengthen the TR even more. The second important result is the high sensitivity to the 

ADC specified in the dictionary when the spoiler gradient is played. While the Fully DESS without spoiling 

has artifacted maps, the T2 values did not vary much due to a weaker impact of diffusivity. On the other 

hand, the Fully DESS with spoiling demonstrated a gradual increase in T2 estimates as the specified ADC 

was varied. This confirms the results obtained in simulations n°2. 

 

Conclusion: 

Numerical simulations confirmed that periodic B0 variations induce both phase and magnitude signal 

variations. Those variations, notably in the CSF magnitude, can be mitigated by the effect of diffusion, but a 

large spoiler gradient is needed (meaning a longer TR). By including such a gradient, the ghosting artifact is 

suppressed in the brain T2 maps but not completely. Moreover, with such a strong spoiler gradient, a wrong 



 

 

hypothesis regarding the ADC can induce up to 8-12% errors in the T2 estimation in the white and gray 

matter regions, compared to 0-3% errors without the spoiler.  

  



 

 

Supporting Information 5: DESS vs Spin Echo T2 estimation 
The following comparison with the gold standard was performed in order to complete this study and measure 

the accuracy of the different methods.  

Phantom and in vivo experiments were conducted in order to compare the DESS sequences to a single slice 

single shot Spin-Echo EPI sequence. The latter was acquired with the following parameters: TR = 10000 ms, 

TEs = 17, 22, 27, 37, 47, 57, 77, 97, 117 ms, flip angle = 90°, field of view (FOV) = 160 x 204 x 5 mm3, 

matrix size = 80 x 108, GRAPPA factor 4, transversal orientation, A >> P phase encoding direction, 

bandwidth = 1490 Hz/pixel. The 1.2mm DESS sequences were acquired with the same parameters specified 

in “Methods”. The in vivo brain acquisitions were acquired on a single volunteer whilst the phantom 

experiments were acquired on 8 tubes immersed in water with the following concentrations: 

 

 Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6 Tube 7 Tube 8 

Agarose gel 5% 7.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 

Gadolinium 0 mM 0 mM 0.3 mM 0.2 mM 0.15 mM 0.05 mM 0.02 mM 0 mM 

 

Table S2: Different Agarose gel and Gadolinium concentrations in the 8 tubes used for the phantom 

experiments. 



 

 

Figure S6: a and b. Phantom and brain T2 maps reconstructed from the Spin Echo, Fully DESS, CS-DESS 

and SPICCS-DESS sequences. c. Difference images between the brain Spin Echo (specified as T2, SE) and 

DESS T2 maps. d. Mean T2 differences between the Spin Echo and DESS sequences in the 8 tubes as well as 

the gray and white matter regions. 

 

The resulting maps demonstrated that the DESS sequences provided similar values to the Spin echo 

sequence in vitro, with T2 errors below 8% in 6 out of 8 tubes. Given the particularly short T2 values of both 

remaining vials (~20ms), their relative error reached 30% but the absolute differences remained below 5ms. 

However, the DESS sequences underestimated the T2 values in the gray and especially the white matter, 

compared to the spin-echo sequence. As the differences are much less notable in the phantom experiments, 

this suggests that some phenomenon that is not accounted for in the DESS methods, such as magnetization 

transfer for instance, could potentially induce this offset in T2 values. 
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