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Abstract 

Purpose: Diffusion tensor cardiovascular magnetic resonance (DT-CMR) has a limited spatial resolution. The 

purpose of this study was to demonstrate high-resolution DT-CMR using a segmented variable density spiral 

sequence with correction for motion, off-resonance and T2* related blurring. 

Methods: A single-shot STEAM EPI DT-CMR sequence at 2.8x2.8x8mm3 and 1.8x1.8x8mm3 was compared to a 

single shot spiral at 2.8x2.8x8mm3 and an interleaved spiral sequence at 1.8x1.8x8mm3 resolution in 10 healthy 

volunteers at peak-systole and diastasis. Motion-induced phase was corrected using the densely sampled 

central k-space data of the spirals. STEAM field maps and T2* measures were obtained using a pair of 

stimulated echoes each with a double spiral readout, the first used to correct the motion-induced phase of the 

second.  

Results: The high resolution spiral sequence produced similar DT-CMR results and quality measures to the 

standard resolution sequence in both cardiac phases. Residual differences in fractional anisotropy and helix 

angle gradient between the resolutions could be due to spatial resolution and/or signal to noise ratio. The data 

quality increased after both motion-induced phase correction and off-resonance correction and sharpness 

increased after T2* correction. The high resolution EPI sequence failed to provide sufficient data quality for 

DT-CMR reconstruction. 

Conclusion: In this study an in-vivo DT-CMR acquisition at 1.8x1.8mm2 in-plane resolution was demonstrated 

using a segmented spiral STEAM sequence. The motion-induced phase and off-resonance corrections are 

essential for high resolution spiral DT-CMR. Segmented variable density spiral STEAM was found to be the 

optimal method for acquiring high resolution DT-CMR data.  

Introduction: 

Diffusion tensor cardiovascular magnetic resonance (DT-CMR) is a unique non-invasive technique that 

provides insight into myocardial microstructure (1–4) and has potential impact in diagnosis or 

assessing treatment efficacy for diseases such as cardiomyopathy (3,5–7) and myocardial infarction 

(8–10). However, the spatial resolution of this technique is limited, meaning that it cannot be applied 

usefully in patient cohorts with a thinned myocardium, such as chronic myocardial infarction or in 

diseases of the right ventricle. 

 

DT-CMR data is typically acquired using a single shot echo-planar-imaging (EPI) readout (2,11) and the 

spatial resolution is limited by the reduction in signal to noise ratio and increasing prevalence of 

artefacts as the readout duration increases. Increased spatial resolution in cardiovascular magnetic 

resonance (CMR) (12) and diffusion tensor (DT) neuroimaging acquisitions is often achieved via 

segmented acquisitions, where the required k-space data is covered in several distinct readout blocks, 

echo trains or trajectories (13–15). However, while there have been demonstrations of diffusion 

weighted CMR using segmented acquisitions (16), to our knowledge, segmented readouts have not 

been used for in-vivo DT-CMR. 

 

Segmenting diffusion tensor acquisitions is complicated by bulk motion during diffusion encoding, 

which results in image phase shifts that can be different between segments and therefore lead to 

signal drop-out when the segments are combined in complex space. Phase navigators, additional 

echoes used to estimate the motion-induced phase, have been used to correct for the phase 

differences in neurological diffusion imaging (17–19). However, as bulk motion is predominantly low 

spatial frequency and is therefore encoded near the centre of the k-space, techniques that acquire 

the centre of k-space in each segment can dispense with the additional echo. These so-called self-



navigated techniques include periodically rotated overlapping parallel lines with enhanced 

reconstruction (PROPELLER) (20) and self‐navigated interleaved spiral (SNAILS) (21). 

 

In recent work, we took advantage of the three RF pulses used in the frequently employed stimulated 

echo acquisition mode (STEAM) DT-CMR sequence (2,11,22) to selectively image a small field of view 

around the left ventricle using a single shot spiral trajectory (23). The considerably shorter echo time 

available with the centre out spiral trajectory results in substantially increased SNR relative to the 

equivalent single shot EPI STEAM sequence.  

 

In this work we develop our spiral STEAM DT-CMR sequence further by using a segmented variable 

density spiral trajectory to increase spatial resolution. We aim to demonstrate high-resolution 

segmented spiral DT-CMR in both peak systole and diastasis and compare this method against existing 

single shot EPI methods. We also introduce novel approaches to calculating B0 field maps for off-

resonance correction of the spirals and a method for correcting for T2* decay during the spiral 

readout.  

Methods 

An interleaved spiral STEAM DT-CMR sequence was implemented using variable density spiral 

trajectories and a novel STEAM compatible field mapping technique. The motion-induced phase is 

estimated from the variable density spirals and used to correct inter-interleaf phase differences. The 

B0 field maps are used to correct for off-resonance effects. Finally, left ventricular T2* was estimated 

from the data and used to correct high-frequency filtering caused by T2* decay during the spiral. 

 

Sequence design 
STEAM DT-CMR minimises the effects of motion during the diffusion encoding gradients by using two 

monopolar diffusion encoding gradients applied at the same time in two successive cardiac cycles.  

Four different STEAM sequences were used to acquire the data in this study (Figure 1). Standard 

resolution data was acquired with a widely used EPI sequence (Figure 1a) and a single shot spiral 

sequence (Figure 1b), both described in Gorodezky et al. (23). High resolution data was acquired with 

the same single shot EPI sequence with a longer echo train (Figure 1c) and a segmented variable 

density spiral STEAM sequence with two variable density spiral interleaves acquired over four 

consecutive cardiac cycles (Figure 1d). For all sequences a chemical-shift selective fat saturation pulse 

is applied before the first 90˚ pulse of each stimulated echo. The field of view (FOV) was reduced 

(24,25) in the phase encode direction for the EPI sequences and in both in-plane directions for the 

spiral sequences.  

 

To correct for the off-resonance artefacts in the spiral data, a map of B0 inhomogeneity is needed. A 

field map was collected at the beginning of each breath-hold using two stimulated echoes acquired 

over four cardiac cycles. Typically, these field maps are calculated from (at least) two images at 

different echo times. Due to the nature of the STEAM sequence, the off-resonance related dephasing 

is refocused at TE (see Figure 1, much like in a spin-echo). However, by shifting the start of the spiral 

readout relative to the stimulated echo, it is possible to measure an off-resonance related phase 

change in the data.  



A further complication arises as the spoiler gradients used to spoil non-stimulated echo pathways 

mean that the stimulated echoes used to generate the field maps, also contain motion-induced phase. 

This motion-induced phase is indistinguishable from the field inhomogeneity related phase changes 

which we aim to map. In order to account for this, each stimulated echo acquired for the field map 

calculation uses two readouts (Figure 2). The first readouts (red in Figure 2) are used to estimate the 

motion-induced phase of that echo. This phase is then applied (as described below) to correct the 

subsequent readouts (green in Figure 2). Data from these two corrected images are then used to 

calculate a pixel-wise field map via ∆𝑓 =
(𝜑1−𝜑2)

2 𝜋 ∆ 𝑇𝐸𝐹𝑀 
, where 𝜑1 and 𝜑2 are the phases in image 1 and 2 

respectively and ∆TEFM is the difference in the delay after the echo (TEFM) between the two readouts.  

 

Motion-induced phase correction 
As described above, combining two interleaves with different bulk motion-induced phases in complex 

space can lead to signal loss (shown in Figure 3). In order to correct for this effect in the segmented 

spiral imaging data, the phase of the second interleaf was corrected to match the first interleaf (20,26). 

Assuming that the motion-induced phase is contained within the low-resolution fully-sampled central 

k-space data, we acquired variable density spiral trajectories with a higher sampling density, and 

therefore larger FOV near the centre of k-space (27). A Gaussian window (FWHM was 60% of k-space 

diameter) was applied to the gridded k-space data for both interleaves, leaving only the densely 

sampled central k-space data. The phase difference between the interleaves was calculated in image 

space and applied to the full-resolution version of the second interleaf. Figure 3 shows the restored 

signal in the image when the corrected interleaves are combined.  

 

Off-resonance correction 
A frequency segmented reconstruction (FSR) off-resonance correction was implemented. The spiral 

images were reconstructed with at least 4(fmax-fmin)Tacq off-resonance offsets (28), where fmax/fmin are 

the maximal/minimal frequency offsets automatically detected from the magnitude-thresholded 

region of the field map around the LV and Tacq is the spiral readout duration. Each reconstructed pixel 

was calculated as a linear interpolation of the two reconstructions spanning the off-resonance 

measured in the field map.   

T2* blurring correction 
In order to compensate for T2* related loss of high spatial frequencies caused by T2* decay during the 

spiral readouts used for DT-CMR data acquisition, we estimated the mean myocardial T2* in each 

breath-hold. T2* was calculated from the data acquired for the field maps, on the assumption of 

uniform myocardial T2* and that all received signal originated in the myocardium. Spirals TS1 and TS2 

in Figure 2 were used to calculate the signal decay as T2 decay
∗ =

∆TET2∗

log(∑ FM1(i)/ ∑ FM2(i)1000
i=1

1000
i=1 )

, where 

∑ FM𝑗(i)1000
i=1  is the sum of the magnitudes of the first 1000 k-space points of the j th spiral (j =1 for 

TS1 and j =2 for TS2). The spiral trajectories were corrected before the gridding via 𝑘(𝑡) = 𝑘(𝑡) ∗

𝑒𝑡/𝑇2𝑑𝑒𝑐𝑎𝑦
∗

, where k(t) are the acquired k-space data and t is the acquisition time of each point. 



Study design  

Data acquisition 

10 healthy volunteers (3/7 female/male) mean age 30 years (range 20-53) were imaged on a 3T Skyra 

(Siemens Healthcare, Erlangen Germany) with an 18 element anterior and 8-12 elements of a 

posterior spine coil.  

Data were acquired in systole using the single-shot spiral and single-shot EPI STEAM DT-CMR sequence 

at 2.8x2.8x8mm3 spatial resolution and using the segmented spiral and single-shot EPI STEAM DT-CMR 

technique at 1.8x1.8x8mm3 spatial resolution. Due to time limitations, in diastole only single-shot 

spiral data with a spatial resolution of 2.8x2.8x8mm3
 and segmented spiral data at 1.8x1.8x8mm3 

spatial resolution were acquired.  

For all sequences, the target diffusion weighting was bref/bmain=150/600 s/mm2 (29) and six diffusion 

encoding directions were used. To account for the heart rate influence on the b values, the prescribed 

bmain was adjusted depending on the subject’s heart rate as follows: bmain=500, 600, 650, 700 s/mm2 

for the heart rates <50, 50-65, 65-70, >70 bpm respectively. bref was maintained at 150s/mm2 as the 

corresponding adjustments were considered small. The stimulated echo FOV for both spiral sequences 

was reduced to 96x96mm2 using a time-reversed pair of asymmetric RF pulses with in-plane slice-

select gradients (23). For the high resolution acquisition the variable density spirals were designed 

using the software available at (30). For this type of spiral, the FOV varies with the position along the 

spiral. At the centre of k-space it was 95x95mm2 (i.e. 99% sampled) and at the end of the spiral it was 

55x55mm2, which after combining the interleaves results in a readout FOV of 190-110x190-110mm2. 

The spiral duration used for the field map acquisition was 5ms, resulting in an in-plane spatial 

resolution of 6x6mm2 with a slice thickness of 8mm. To remain flexible to the range of off-resonance 

frequencies included in the reconstructed field map, images were acquired with ΔTEFM=0,0,2 and 3ms 

after the stimulated echo in the first four stimulated echoes of each breath-hold. Further acquisition 

parameters can be found in Table 1. 

Each average of the EPI sequence consisted of two cardiac cycles for each of the following: EPI phase 

correction lines, parallel imaging reference data, a “b0” image, that was not used in reconstructions, 

and diffusion weighted images in the 6 directions, resulting in 18 cardiac cycles per breath-hold. The 

spiral acquisition is schematically demonstrated in Figure 2 and consisted of 20 cardiac cycles: 8 

cardiac cycles (4 stimulated echoes) were used for the field map acquisitions and 12 cardiac cycles 

were used for the diffusion weighted images (6 stimulated echoes). During the single shot spiral 

acquisitions 6 diffusion directions were acquired per breath-hold. For the interleaved sequence 3 

diffusion directions with both interleaves were acquired per breath-hold leading to the 6 diffusion 

encoding directions being split over two breath-holds. 

Data processing 

STEAM EPI DT-CMR data was reconstructed online using the standard product reconstruction. The 

spiral sequences were reconstructed offline in MATLAB (MathWorks, Natick, MA, USA) using the 

GNUFFT (31) algorithm with voronoi-based density compensation (32). In order to reduce noise floor 

effects, the spiral data from each of the receiver coils was combined using the maximized SNR 

technique (33). The coil sensitivity maps were calculated from the first four spiral readouts acquired 

for the field map calculation in each breath-hold.  

Multiple reconstruction of the high resolution interleaved spiral systolic data were performed to 

demonstrate the effect of each correction: 1. no corrections; 2. a motion-induced phase correction; 

3. motion-induced phase and FSR off-resonance corrections; 4. motion-induced phase correction, FSR 



and T2* corrections. The spiral diastolic data was reconstructed only once with all of the relevant 

corrections applied. Based on initial testing ΔTEFM=0 and 2ms were used for the field map calculations 

and ΔTET2* for the T2* correction was ΔTET2*=9.2ms (Figure 2). The high resolution spiral diastolic and 

both standard resolution spiral data sets were reconstructed only once with all of the relevant 

corrections applied. 

 

The high resolution spiral data was reconstructed twice: first to match the number of averages 

acquired with the single-shot data (number matched, NM); and then to match the acquisition time 

(time matched, TM). For the NM reconstructions bref/bmain=1/8 averages for all 6 diffusion directions 

were used. For the TM reconstructions 4 averages of all 6 diffusion directions were used for bmain and 

one average of 3 diffusion directions were used for bref.  

The tensor calculation was performed pixel-wise using in-house MATLAB software (5) using a linear 

least-square algorithm. The b-values were corrected for the actual duration of the cardiac cycle and 

were not averaged before being included into the tensor calculation. The DT-CMR analysis was 

performed on the left ventricle (LV) and FA, MD, eigenvalues (EV), transmural helix angle (HA) gradient 

(HAG) in °/% myocardial thickness, transverse angle (TA) and median absolute secondary eigenvector 

angulation (E2A) (5,29,34) were calculated excluding the papillary muscles and the septo-marginal 

trabeculations of the right ventricle. For the HAG comparison, only HA profiles with an R2≥0.3 and a 

negative slope were considered (23), based on an assumption of a transmural linear variation in HA. 

Single image SNR maps were calculated for the b=600s/mm2 data over the LV using the multiple 

repetitions method, as described in (11,35) and averaged over the 6 diffusion directions. Due to the 

small number of averages, SNR was not calculated for the TM data.  A comparison of the endocardial 

sharpness was performed in the septal wall, where there are fewest papillary muscles and 

trabeculations and little off-resonance artefact. Line profiles were drawn from the LV centroid to the 

epicardium and fitted with the sigmoid function 𝑓(𝑥, 𝑎0, 𝑎1, 𝑎2, 𝑠) =
𝑎1

1+10𝑠(𝑎0−𝑥) + 𝑎2 (36) with x 

increasing positively along the profile. The parameters ai are used to quantify the location (a0) and 

amplitude of upper (a1+a2) and lower plateau (a2) of the profile and s the growth rate or sharpness of 

the line-profiles. The sharpness was calculated as the median of the values of s in the septum for each 

subject. The quality of the acquisitions was assessed via the percentage of negative EV (%negEV) in 

the LV, the linearity of the HAG fit using R2 (23,37), the fraction of the accepted R2 (fraR2) and the 

standard deviation of the TA (stdTA) (37) which is assumed to be small in healthy myocardium. In a 

previous study the standard resolution spiral sequence was compared to a standard resolution EPI 

sequence (23). In this work comparisons are performed between the standard and high-resolution 

data from each sequence.  Statistical analysis was performed with a Wilcoxon signed rank test and 

p<0.05 was considered to be significant. 

Results 

The acquisition time including planning was 60 to 90 minutes. The mean heart rate corrected b-value 

was bmain=606 (range 525-688) s/mm2. The median and interquartile range of T2* over all subjects and 

spiral sequences estimated from the spiral data was T2*=34±7 ms. 



Comparison of the standard to high resolution sequences 

Comparison of the number matched reconstruction 

For all spiral sequences described in this section, the NM reconstruction with all corrections was used. 

DT-CMR results are compared between the standard and high resolution acquisitions for the same 

readout type and cardiac phase. Figure 4 and Figure 5 show DT-CMR, SNR and field maps for a typical 

volunteer for all the sequences for the standard and high resolution respectively. While the high 

resolution spiral data produced DT-CMR maps that were visually similar to the standard resolution 

data, the high resolution EPI data appeared noisy, with a normal pattern of HA in the septum but poor 

results in the rest of the left ventricle. Figure 6 shows a subject-wise comparison of FA, MD, HAG and 

E2A over the left ventricle for all four sequences at the two cardiac phases. The median and 

interquartile ranges for the plotted values are summarised in Supporting Information Table S1. All DT-

CMR parameters for spiral data apart from FA and diastolic HAG showed no significant differences 

between the standard and high resolutions with P>0.10. Comparing the high to the standard 

resolution data, FA significantly increased (P<0.03) by 21% with EPI in systole, 5% and 4% for systolic 

and diastolic NM spiral data respectively. The magnitude of HAG significantly increases by 60% in 

diastasis for the high resolution spiral data. The EPI sequence showed significant differences between 

standard and high resolution data for all DT-CMR parameters apart from HAG (P=0.32).  

 

The quality measurements %negEv, R2, fraR2 and SNR are shown in Figure 7. There were no significant 

differences (P>0.15) between the systolic high and standard resolution spiral acquisitions in any of 

these quality measures. There was no significant difference in %negEV when increasing the spiral 

spatial resolution in diastole, but R2 and fraR2 were both significantly higher at the higher spatial 

resolution. At the higher resolution the SNR significantly (P=0.002) decreased by 63% for systolic EPI, 

29% and 36% for spiral systole and diastasis respectively.  All of the quality measures changed 

significantly when going from standard to high resolution EPI acquisitions (P=0.002). Most notably the 

mean %negEV increased from 0.5% to 14.7% when increasing the EPI resolution, while mean %negEV 

was between 0.3% and 2.9% for the spiral sequences. The sharpness increased significantly when 

going from the standard to high resolution spiral sequence (P<0.03) as shown in Supporting 

Information Figure S1. 

Comparison of the time matched reconstruction 

The standard resolution spiral data described above was also compared to the TM reconstructions of 

the high resolution data. Supporting Information Figure S2 shows the FA, MD, HAG, E2A, %negEV and 

R2 for the spiral data for the standard and high resolution NM and TM reconstructions for both cardiac 

phases. E2A and diastolic MD showed no significant differences between the TM high resolution and 

standard resolution spiral data. HAG significantly decreased (helix angle gradient becomes steeper) 

for the TM data compared to the standard resolution by 24% and 64% for systole and diastole 

respectively and FA significantly increases by 9% and 6% for systole and diastasis respectively while 

systolic MD significantly increased by 9%. The lower number of averages generally resulted in a lower 

data quality. Nevertheless, R2 and %negEV from the TM reconstruction showed no significant changes 

(P=0.38) compared to the standard resolution case in diastasis. Systolic R2 significantly increased from 

0.84 using TM high resolution to 0.94 at standard resolution and %negEV significantly increased from 

0.5% to 1.1%.  



Assessment of the optimal spiral reconstruction method 

Phase and off-resonance corrections 

The correction methods were compared for the systolic data at both resolutions. A set of images for 

the 6 diffusions encoding direction is shown in Supporting Information Figure S3, showing the effects 

of adding each correction into the reconstruction. Figure 8 demonstrates the effects of the correction 

methods for a typical diffusion weighted image at 1.8x1.8mm2 in-plane resolution. Much of the signal 

loss observed without any correction is restored by the motion-induced phase correction and the 

focussing effects of the off-resonance correction. As a consequence, signal in the lateral wall, which is 

most affected by off-resonance artefacts, is restored.  

 

Supporting Information Figure S4 shows the DT-CMR maps for a typical volunteer and Figure 9 shows 

a subject-wise comparison of the corrections at high resolution using E2A, TA, FA, SNR, fraR2 and R2. 

Statistical comparisons were not performed to avoid excessive numbers of statistical tests. E2A, SNR, 

and the quality measures fraR2 and R2 increased and TA decreased towards the values obtained with 

the standard resolution 2.8mm spiral technique, after both the phase correction and the FSR 

correction. FA was less affected, but decreased after adding the FSR correction. A combination of 

phase correction and FSR showed the closest results to the standard resolution data. 

T2* correction 

Supporting Information Figure S1 demonstrates a significant increase (P=0.002) in sharpness when the 

T2* correction is added for both resolutions in systole. While the DT-CMR parameters and the quality 

measures showed no significant changes in E2A (Figure 9) compared to the FSR correction (P=0.11), 

there was a 9% and 7% increase in TA and FA respectively compared to the FSR reconstruction. The 

quality measures fraR2 and R2 were reduced by 5% and 2% for the T2* correction compared to the FSR 

reconstruction respectively. The SNR was reduced from 8.11 to 6.66 by adding the T2* correction.  

Discussion and Conclusion 

This is the first demonstration of an in-vivo human DT-CMR acquisition at a 1.8x1.8mm2 in-plane 

resolution and the first use of a segmented DT-CMR technique. A segmented variable density spiral 

trajectory was used for DT-CMR and a novel field-map acquisition technique using the STEAM 

sequence was developed and successfully tested. To date the resolution of in-vivo STEAM DT-CMR 

human studies is typically around 2.8x2.8x8mm3 (4,11,38–42) with reports of resolutions up to 

2.0x2.0x8mm3 (43). A resolution of 1.6x1.6x10mm3 (44) was achieved for a second order motion 

compensated diffusion prepared balanced steady-state free precession (bSSFP) sequence but only 

three diffusion encoding directions were obtained. Relative to our established EPI sequence with a 

resolution of 2.8x2.8x8mm3 the cross-sectional area of each pixel is reduced by 60% with our high 

resolution spiral sequence and we have demonstrated the increase in image sharpness associated 

with this increase in spatial resolution. 

 

This work has shown that segmented variable density spiral STEAM acquisitions with the appropriate 

corrections produces largely similar DT-CMR parameters to a lower resolution STEAM spiral sequence, 

while the quality of single shot EPI data at the same resolution was poor. The importance of correcting 

for motion-induced phase between the interleaves was demonstrated, as was correcting for off-



resonance effects during the spiral readout. We also implemented a T2* correction based on an 

estimated LV T2* value calculated for each subject. 

Artefact corrections 

Phase and off-resonance corrections 

Long spiral readouts are sensitive to field inhomogeneities, resulting in blurring (45) artefacts. In order 

to increase spatial resolution an interleaved spiral was used. For diffusion weighted images, bulk 

motion during the diffusion time is encoded in the image phase, which varies between images due to 

inter-heart beat differences in cardiac motion. In order to correct for these phase differences, variable 

density spirals were used, providing alias free low resolution data from each interleave for use in the 

correction. The functionality of this correction was verified and led to an SNR gain of 2.1 compared to 

the uncorrected equivalent with an SNR=2.2 (Figure 9) and also to improvements in all other quality 

measures. The resultant change in the DT-CMR parameters is partly a consequence of this 

improvement in SNR. SNAILS (46) has a very similar approach subtracting the low frequency phase 

information from each diffusion encoded spiral interleaf, but has never been demonstrated in the 

heart.  

Despite segmenting our spiral acquisitions, our spiral readouts were relatively long (~15ms). In order 

to reduce the effects of off-resonance induced dephasing during these readouts, we used an FSR with 

a field map acquired in each breath-hold.  

Field maps can be acquired with a gradient echo or with the STEAM sequence as used here. The 

disadvantage of the novel STEAM field map acquisition sequence is a lower signal intensity and 

increased complexity compared to a gradient echo sequence. The readout used for off-resonance 

correction is delayed to allow the prior acquisition of another spiral used to correct the first for 

motion-induced phase. The delay leads to off-resonance induced phase dispersion related signal loss 

and reduced SNR in the field maps themselves. However, a gradient echo based field map would not 

be able to take advantage of the reduced stimulated echo FOV and registration would be required 

between the field map and image data.  

In the preliminary work for this study (unpublished) several off-resonance correction methods were 

tested and compared. Low order corrections (zero and first order) did not substantially improve the 

data quality. However, the FSR correction implemented here brought the DT-CMR parameters into 

the expected range: there were no significant differences between the 2.8x2.8 and the 1.8x1.8 mm2 

FSR and T2* corrected spiral acquisitions except in HAG and FA, which could be due to either or both 

the reduced SNR and higher spatial resolution. Adding the FSR correction to the high resolution data 

reconstruction increased the SNR from 4.3 to 8.1 and resulted in substantial increases in the data 

quality measures fraR2 and R2. 

T2* correction 

A further consequence of the long readout trajectories is blurring due to T2* decay during the readout. 

In this work we tested a subject-wise T2* correction. For a readout lengths of 15 ms and the LV T2* 

calculated here of 34ms, the signal intensity at the end of the readout would be attenuated by 36%. 

As expected, the T2* correction led to a reduction of the SNR from 8.1 to 6.7. The data quality 

measures fraR2 and R2 were slightly reduced; however, the edges were visibly sharper and quantitative 

sharpness measures were significantly increased. While there were significant differences in HAG, TA 

and FA for the T2* correction, this could be due to either or both of the reductions in SNR and in 



blurring and we hope that this correction can assist in uncovering new detail in myocardial 

microstructure. 

Comparison of the standard to high resolution sequences 
While the HAG was similar for all EPI and spiral sequences, the median of the fraR2 was 0.48 for the 

high resolution EPI data, which means that more than half of the data was not used in the HAG 

calculation. The HAG of the spiral high resolution data for both cardiac phases was within one standard 

deviation of values cited in the literature (40,43,47). E2A and MD showed no significant differences 

between the spiral sequences for both cardiac phases and values lay within the range stated in the 

literature (4,5,37,40,42,43,47,48) but the high resolution EPI sequence did not provide comparable 

results to the standard resolution sequence. FA showed significantly higher results for the high 

resolution data for all sequences; however, FA depends on both the SNR and the spatial resolution. A 

reduction in SNR can result in an increase in FA via eigenvalue repulsion (26,49), but the range of 

microstructural angles contained within each voxel is also reduced with increasing resolution 

(described as dispersion in DT neuroimaging). 

The measured SNR is higher for the spiral sequences when compared to the equivalent EPI sequences, 

which was also demonstrated in (47). Relative to the standard resolution, the SNR decreases by 63%, 

29% and 36% for the high resolution EPI, systolic and diastolic spiral respectively. The large decrease 

in SNR of the high resolution EPI data relative to the standard resolution is largely due to the long TE 

required for this sequence. Assuming T2=47ms (50) the 13ms TE increase between the standard 

resolution spiral and EPI sequences results in a signal reduction of 24%, while the TE increase of 32ms 

required for the longer readout of the high resolution EPI compared to high resolution spiral results 

in a signal reduction by 49%. This study suggests that the SNR available with the 1.8x1.8x8mm3 STEAM 

EPI sequence used here is not sufficient for DT-CMR data acquisition.  

The echo time of the spiral sequences does not depend on spatial resolution. For the spiral technique 

in systole, the SNR of the high resolution data is comparable with the SNR of the standard resolution 

data using EPI (6.7 vs. 6.5, high resolution spiral vs. standard resolution EPI).  

 

In addition to comparing the high resolution spiral acquisitions to the standard resolution data with 

the same number of averages, we also performed spiral reconstructions with half the number of 

averages, therefore matching the number of breath-holds used in the tensor calculated with the 

standard resolution acquisitions. All DT-CMR parameters except FA were similar between the 

equivalent NM and TM acquisitions. The higher FA values (0.49/0.61 systole/diastasis) obtained with 

the TM reconstruction compared to the NM reconstruction (0.47/0.59 systole/diastasis), are likely to 

be a consequence of eigenvalue repulsion effects (49). For the systolic acquisition, the quality 

measures are suggestive of poorer quality data when going from the NM to TM reconstructions 

(significantly higher %negEV, stdTA and lower R2) and the interquartile ranges are larger using TM. For 

the diastolic acquisitions, all quality measures except the %negEV were not significantly different 

between the NM and TM data. While in some subjects and some cardiac phases, the TM data was 

sufficient to reconstruct a similar quality set of DT-CMR parameter maps to the NM data, in others 

more averages were required. Future studies on the optimal number of averages for a given 

acquisition scheme (51) and on-the-fly calculation of the DT-CMR parameter maps may be of 

particular use for the high resolution spiral sequence proposed here.  



Study limitations and future work 
In this study we compared a segmented spiral sequence to a single shot EPI sequence. An interleaved 

EPI sequence could reduce TE to values similar to the standard resolution EPI sequence and would, 

therefore increase the SNR and possibly image quality. Off-resonance and T2* corrections, as were 

performed on the spiral data, could potentially increase the quality of the EPI data. Nevertheless, the 

geometry of a spiral is well suited to segmented acquisitions and the variable density spirals allow a 

straightforward correction for the motion-induced phase. Furthermore, the inherent loss of SNR with 

increased spatial resolution is partially mitigated by the increased SNR available with the short spiral 

TE. 

Although the T2* correction sharpens the images, it also increases the noise by adding weight to high 

spatial frequencies. Furthermore, the T2* value is calculated from the whole FOV and the T2*decay is 

likely underestimated (52). 

The proposed sequence depends on subjects holding their breath. In particular, during the beginning 

of the breath-hold, as bulk motion results in an inaccurate estimation of the field map, this in turn 

corrupts the DW images during the off-resonance correction. This is, however, also a problem for the 

STEAM EPI sequence where EPI phase correction and parallel imaging reference data is acquired at 

the beginning of the breath-hold. In order to avoid cardiac disease history, most volunteers were 

relatively young. However, 5 of the 10 subjects were having their first CMR scan, therefore reducing 

the “expert volunteer” bias. A small number of images acquired with both spiral and EPI sequences 

show off resonance related signal loss in the inferolateral wall. 

During this study, the in-plane resolution was increased but the slice-thickness was the same as that 

used in previous studies. In future work super-resolution applied to multi slice acquisitions or 3D 

acquisitions could be investigated to reduce the effective slice thickness (53). 

In future work an online reconstruction of the spiral sequence will be implemented and alternative 

off-resonance correction methods, including conjugate phase reconstruction (54) will be investigated. 

The long acquisition time to acquire a sufficient number of averages (double number of breath-holds 

for same number of averages) for a robust tensor reconstruction could be reduced through parallel 

imaging (subject to SNR loss) or compressed-sensing techniques (55–57). Further sequence 

refinements may include optimising the spatial resolution of the field-map spirals and making use of 

multiple echo times when calculating the field maps or by not acquiring the additional ΔTEFM=0 or 

ΔTEFM=3ms images which were unused here, therefore matching the breath-hold duration to the EPI 

sequence. The most important test of this sequence will be in patient cohorts with a thinned 

myocardium or focal disease, for example in patients with chronic myocardial infarction or in the right 

ventricle, where the benefit of the increased spatial resolution will be needed. 

Conclusion 
In-plane spatial resolution of STEAM DT-CMR data can be increased substantially by using an 

interleaved variable density spiral trajectory, when motion-induced phase is taken into account. The 

additional myocardial SNR provided by the short TE of the spiral trajectory is traded for increased 

resolution. T2* decay and off-resonance effects during the spiral readout can be corrected and we 

have introduced a novel method for calculating a field map from STEAM acquisitions with a spiral 

readout. While this high resolution spiral DT-CMR method was able to acquire good quality data at 

1.8x1.8mm2 in-plane resolution, a single shot EPI sequence with matched spatial resolution produced 

lower quality DT-CMR data. This reduction in pixel volume of 60% may be of use in patients with focal 

disease, thinned myocardium and in the right ventricle. 



 

Table 1: Used sequence parameter  
EPI 

(2.8mm) 

EPI 

(1.8mm) 

Single shot spiral 

(2.8mm) 

Interleaved 

spiral (1.8mm) 

Cardiac phase systole systole systole/diastasis systole/diastasis 

TE [ms] 24 43 11 11 

Readout duration [ms] 12 31 15 15 

Stimulated echo FOV [mm2] 360x135 350x120 96x96 96x96 

Readout FOV [mm2] 360x135 350x120 120x120 190-110x 

190-110 

Reconstructed FOV [mm2] 360x135 350x120 120x120 120x120 

Dwell time [µs] 1.6 1.4 2.8 2.8 

Number of acquisitions bref/bmain 2/8 2/16 2/8 1/8 

Parallel imaging SENSE x2 SENSE x2 - - 

Acquired/reconstructed 

resolution [mm3] 

2.8x2.8x8/ 

1.4x1.4x8 

1.8x1.8x8/ 

0.9x0.9x8 

2.8x2.8x8/ 

1.4x1.4x8 

1.8x1.8x8/ 

0.9x0.9x8 

 



Figures 

 
Figure 1: The sequences used. a) STEAM EPI sequence with a reduced FOV in phase direction, used to acquire 
standard resolution DT-CMR images. b) Single shot spiral STEAM sequence. The FOV is reduced in both the x and 
y direction. The sequence was used to acquire standard resolution DT-CMR data. c) High resolution single shot 
STEAM EPI sequence. The sequence matches sequence a) but to obtain a higher resolution, TE is increased. d) 
Segmented variable density spiral STEAM sequence. The sequence runs over four consecutive cardiac cycles. 
Sequences c) and d) were used to acquire high resolution DT-CMR data. Chemical-shift selective fat suppression 
is applied before each STEAM initial excitation for all sequences (not shown).  
  



 
Figure 2: A schematic showing a single breath-hold for the high resolution data acquisition. The pre-scans (red 
box) consist of 8 cardiac cycles with 4 stimulated echoes, of which 2 are used for the field-map acquisition (green 
box) and 1 for the T2* estimation (magenta box). Diffusion weighted data is acquired in 12 cardiac cycles and 6 
stimulated echoes (blue box). For a standard resolution sequence, 6 diffusion directions (dd) with 1 stimulated 
echo each are acquired. 
Four cardiac cycles with two stimulated echoes (green box) are used for the field map acquisition. A field map 
calculation needs (at least) two readouts at different echo times. Here the green readouts FMS2 and FMS4 with 
a difference in echo time of ΔTEFM are used. The phase of these readouts is a sum of the motion induced phase, 
as a consequence of signal acquisitions in different echoes, and the off-resonance related dephasing. The 
motion-induced phase is estimated as the phase differences between the red readouts FMS1 and FMS3. These 
phase differences are then used to correct the readout FMS4. After the correction, the field map can be 
calculated. The LV T2* is estimated from the readouts TS1 and TS2, the readouts with the longest ΔTE.  
 

 
Figure 3: Spiral interleaves acquired in different cardiac cycles have differing bulk motion induced phase (top 
left). When the interleaves are combined in complex space, this leads to signal drop out. During the motion 
induced phase correction, the phase of the second interleave is corrected to be similar to the first and the signal 
is recovered. 
  



 
Figure 4: Fractional anisotropy (FA), mean diffusivity (MD), helix angle (HA), secondary eigenvector angulation 
(E2A), signal to noise ratio (SNR) and field maps (FM) are shown for the EPI and spiral sequences performed at 
2.8x2.8mm2. Spiral data is shown with all artefact corrections applied. The differences in SNR over the 
myocardium in both EPI and spiral sequences is predominantly caused by the variation in distance to the receiver 
coils and a variable degree of off-resonance artefacts. 
 

Figure 5: The high resolution (1.8x1.8mm2) DT-CMR results for the same subject as shown in Figure 4. 
  



 
Figure 6: Subject-wise comparison of FA (a), MD (b), HAG (c) and E2A (d). The medians and interquartile ranges 
are plotted in black. The individual subjects are colour-coded consistently in all figures. A Wilcoxon signed-rank 
test was calculated between the standard and high resolution data of the same readout technique in the same 
cardiac phase. P<0.05 was considered significant. 



 
Figure 7: Subject-wise comparison of the data quality using %negEV, R2, fraR2 and SNR measures. 

 
Figure 8: A comparison of the reconstruction methods added stepwise, i.e. each additional correction is added 
to the previous corrections. The motion induced phase correction recovered the signal in the septal wall (red 
arrow) compared to the not corrected reconstruction; the frequency segmented reconstruction (FSR) correction 
recovered further signal in the lateral wall (green arrow) and the T2* correction sharpened the edges of the 
myocardium (blue arrow). 



 
Figure 9: Subject-wise comparison of the different reconstruction techniques is shown for FA (a), E2A (b), TA (c), 

R2 (d), fraR2 (e) and SNR (f). The standard resolution spiral data are also plotted for comparison. 
  



Supporting Information: 

 
Supporting Information Figure S1: Comparison of the sharpness measurement for the standard and high 

resolution systolic spiral data for the FSR and FSR+T2* reconstructions. 



Supporting Information Figure S2: The number matched (NM) and time matched (TM) reconstructions for 
systole (syst) and diastole (diast) are compared. FA (a), MD (b), HAG (c), E2A (d), %negEV (e) and R2 (f) are 
shown. 



 
Supporting Information Figure S3: A set of 6 different diffusion encoding directions at a resolution of 

1.8x1.8mm2. Reconstructed without a correction (corr.) (left), then showing the effect of successively adding 
motion induced phase correction, FSR and T2* correction. 



 
Supporting Information Figure S4: A comparison of reconstructions with different correction methods applied. 

One can see how the data quality improves for the estimated magnitude image for (b=0s/mm2), E2A, HA, MD, 
FA, SNR and negEV maps. The reconstructions without a correction, with phase correction, with added FSR off-
resonance correction and with added T2* correction are compared.  Note that blood pool and epicardial signal 
masks are applied to each dataset based on the FSR corrected data, which result in the uncorrected and phase 
corrected data looking sharper here than in the unmasked data. 

  



 

  EPI spiral systole spiral diastasis 

FA 

2.8mm 0.48 ± 0.03 0.44 ± 0.04 0.56 ± 0.04 

1.8mm NM 0.53 ± 0.04 0.46 ± 0.04 0.59 ± 0.02 

1.8mm TM   0.48 ± 0.04 0.59 ± 0.04 

MD  
[x10-3 mm2/s] 

2.8mm 0.99 ± 0.06 0.99 ± 0.06 1.13 ± 0.11 

1.8mm NM 0.89 ± 0.08 1.00 ± 0.07 1.14 ± 0.07 

1.8mm TM   1.08 ± 0.08 1.17 ± 0.26 

HAG 
[°/%] 

2.8mm -0.89 ± 0.10 -0.79 ± 0.32 -0.47 ± 0.14 

1.8mm NM -0.92 ± 0.09 -0.86 ± 0.23 -0.76 ± 0.09 

1.8mm TM   -0.98 ± 0.18 -0.78 ± 0.15 

E2A  
[°]  

2.8mm 57 ± 15 61 ± 13 20 ± 8 

1.8mm NM 44 ± 7 57 ± 7 18 ± 6 

1.8mm TM   53 ± 4 22 ± 7 

%negEV 

2.8mm 0.5 ± 0.4 0.3 ± 0.3 0.9 ± 2.2 

1.8mm NM 14.7 ± 7.3 0.7 ± 0.9 2.9 ± 4.4 

1.8mm TM   1.3 ± 0.8 5.4 ± 5.6 

R2 

2.8mm 0.93 ± 0.08 0.94 ± 0.18 0.75 ± 0.33 

1.8mm NM 0.48 ± 0.15 0.89 ± 0.08 0.87 ± 0.08 

1.8mm TM   0.80 ± 0.11 0.77 ± 0.22 

fraR2 

2.8mm 0.93 ± 0.08 0.94 ± 0.18 0.75 ± 0.33 

1.8mm NM 0.48 ± 0.15 0.89 ± 0.08 0.87 ± 0.08 

1.8mm TM   0.80 ± 0.11 0.74 ± 0.16 

SNR 
2.8mm 6.5 ± 2.1 9.4 ± 2.1 6.6 ± 2.1 

1.8mm 2.4 ± 0.3 6.7 ± 1.0 4.3 ± 2.2 
 
Supporting Information Table S1: The mean and the interquartile ranges are summarised for the main DT-CMR 

results and quality measures. 
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