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T2* quantification using multi‑echo 
gradient echo sequences: 
a comparative study of different 
readout gradients
Seonyeong Shin 1,2, Seong Dae Yun 1 & N. Jon Shah 1,2,3,4,5*

To quantify T2*, multiple echoes are typically acquired with a multi‑echo gradient echo sequence using 
either monopolar or bipolar readout gradients. The use of bipolar readout gradients achieves a shorter 
echo spacing time, enabling the acquisition of a larger number of echoes in the same scan time. 
However, despite their relative time efficiency and the potential for more accurate quantification, 
a comparative investigation of these readout gradients has not yet been addressed. This work aims 
to compare the performance of monopolar and bipolar readout gradients for T2* quantification. The 
differences in readout gradients were theoretically investigated with a Cramér‑Rao lower bound and 
validated with computer simulations with respect to the various imaging parameters (e.g., flip angle, 
TR, TE, TE range, and BW). The readout gradients were then compared at 3 T using phantom and 
in vivo experiments. The bipolar readout gradients provided higher precision than monopolar readout 
gradients in both computer simulations and experimental results. The difference between the two 
readout gradients increased for a lower SNR and smaller TE range, consistent with the prediction 
made using Cramér‑Rao lower bound. The use of bipolar readout gradients is advantageous for regions 
or situations where a lower SNR is expected or a shorter acquisition time is required.

Abbreviations
GRE  Multi-echo gradient echo
EPI  Echo-planar imaging
CRLB  Cramér-Rao lower bound
SNR  Signal-to-noise ratio
TE  Echo time
TR  Repetition time
ROI  Region of interest
BW  Bandwidth

The distinct and detailed tissue contrast associated with MR images is dependent on both intrinsic and extrinsic 
parameters. Unlike extrinsic parameters, which can be manipulated depending on the sequence/scanner used, 
intrinsic parameters (in the absence of contrast agent injection) cannot be easily changed and are inherent to 
different tissue types. Consequently, by quantifying these intrinsic tissue parameters, such as relaxation times, 
MR images can be more effectively interpreted. This allows the direct comparison of subject data and also pro-
vides indices of disease  severity1–5.

The measurement of T2* relaxation times using MRI has now become common practice due to the 
improved SAR efficiency and faster acquisition afforded by the development of multi-echo gradient echo (GRE) 
 sequences6–8. Multi-echo GRE sequences can be divided into two types according to the readout gradients: 
monopolar and bipolar. In monopolar readouts, fly-back gradients are placed between adjacent echoes to main-
tain readout gradient polarity and to ensure phase  consistency9. All echoes are acquired with the same readout 
gradient polarity. However, this increases the echo spacing time, ΔTE, resulting in a reduction of the number of 
echoes, Ne, for a given readout time. Additionally, if fly-back gradients of short duration and large magnitude are 
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employed to minimise the influence on ΔTE, the potential for eddy current generation is increased. In bipolar 
readouts, multiple echoes are obtained with alternating readout gradient polarities, as is the case in an echo-
planar imaging (EPI)  readout10–12. The use of bipolar readout gradients shortens the ∆TE, leading to a reduction 
of repetition time (TR) or an increase in the Ne within a fixed scan time. In statistical estimation, a larger number 
of observations leads to increased  precision13. Thus, theoretically, bipolar readouts can provide a more reliable 
T2* than monopolar readouts. A sequence using the bipolar readout, termed QUTE, was demonstrated before 
the monopolar  version11,12. Subsequently, the simpler and more eddy-current robust monopolar sequence was 
developed.

Despite these significant advantages, most studies have opted to use monopolar readout due to the challenges 
associated with implementing artefact-free and robust bipolar  readout14,15. For example, magnetic field inhomo-
geneity could induce geometric distortions along the readout  direction16,17, phase errors can arise from the eddy 
currents or hardware  imperfection18,19, and the frequency response of the MR receiver system can also produce 
asymmetric amplitude  modulation20. As the geometric distortion, phase, and amplitude errors appear in oppo-
site directions in every other echo, the use of bipolar readout is much more demanding, and achieving accurate 
quantification results can be difficult. However, geometric distortions induced by global field inhomogeneities 
can be suppressed under well-shimmed  conditions17, and amplitude and phase errors can be compensated for 
with various correction  methods18,21–23.

Given this possible variation in results and the potential impact on the accuracy and precision of quantita-
tive T2* measurements, this work describes a practical implementation of bipolar readout and characterises 
the quantitative results obtained in terms of precision. The precision of monopolar and bipolar readouts was 
investigated using computer simulation and was verified with a Cramér-Rao lower bound (CRLB) under vari-
ous signal-to-noise ratio (SNR) conditions. Phantom and in vivo experiments were then conducted at 3 T with 
respect to the flip angle, α, and parallel imaging acceleration factor, R. The performance of the readout gradients 
was also compared as a function of various echo time (TE) ranges and ∆TE by retrospectively adjusting the Ne. 
To our knowledge, this is the first time that T2* measurements using monopolar and bipolar readout gradients 
have been characterised in such detail, paving the way for the uptake of bipolar readouts.

Methods
Computer simulation datasets. Computer simulations were conducted to investigate the performance 
of the readout gradients. Schematic diagrams of multi-echo GRE sequences are shown in Fig. S1 in the Sup-
plementary Information. The monopolar readout acquires multi-echo data with only positive (or only nega-
tive) readout gradients. In contrast, both polarities of the readout gradients are utilised to acquire data when 
using bipolar readout. The TEs are determined by the time required before signals are acquired (Tprep), which 
includes RF-pulse duration, slice-selection, phase-encoding, and readout dephasing gradients, the time required 
to obtain each echo (Tacq) and the time needed for gradient ramp up and down (Tramp). In monopolar readout, the 
time required for fly-back gradients (Tfb) also affects the TE. The TEs for each readout gradient can be written as:

and

where n = [1, 2, …, Ne] is the echo index. Ne is the total number of echoes.
The signal from a spoiled multi-echo GRE sequence can be expressed as:

where  M0 is the spin density, α is a flip angle, TR is the repetition time, T1 is the longitudinal relaxation time 
and T2* is the transverse relaxation time. The parameters φ0 and ∆f represent the initial phase and off-resonance 
frequency, respectively. The parameter ε is the additive white Gaussian noise with a zero-mean and variance of 
σ2. Neither phase nor amplitude modulation were included in Eq. (3) as an ideal situation was assumed.

Simulation datasets for monopolar and bipolar readouts were created using Eqs. (1–3). For a given TR, the 
spacing between the echoes, ∆TE, can be reduced by increasing the receiver bandwidth (BW), thereby increasing 
the Ne for T2* quantification. However, increasing the BW results in a decrease in SNR. In order to explore the 
relationships between BW, ∆TE, Ne and SNR, the Tacq and ε(0,σ2) were modelled as follows. The Tacq depends on 
the number of samples collected for each echo (Nx) and the BW. Thus, Tacq was modelled as a rounding up of Nx/
BW. The σ of Gaussian noise was simulated  by24:

where σ0 is the standard deviation of the image noise with a receiver bandwidth of  BW0.
Three simulations were performed to investigate the effects of (1) α and TR (i.e., SNR under the fixed BW), 

(2) TE range, and (3) BW on the quantification of T2*. The simulation phantom was designed to resemble the 
phantom used in our experiments. It consisted of five regions, each of which was designed to have a T2* of 49 ms, 
78 ms, 69 ms, 99 ms, and 133 ms, and an accompanying T1 of 671 ms, 959 ms, 878 ms, 1134 ms and 1372 ms, 
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respectively (Fig. 1a). The imaging parameters used in each simulation are summarised in Table S1. For the first 
simulation, the BW and TE range were fixed to 192.24 kHz and 43 ms. Datasets were generated with three dif-
ferent values of α and TR. For the second simulation, the BW, TE range and TR were fixed to 192.24 kHz, 97 ms 
and 1200 ms. Datasets were created with α values of 15°, 35° and 75°. After creating a total of three datasets for 
each readout, subsampling was performed along the TE dimension. The first n echoes out of the echoes created 
were selected and used for T2* quantification. The parameter n was increased from 3 to 32 for monopolar read-
outs and from 5 to 64 for bipolar readouts (i.e., we can observe the situation where the TE range was increased 

Figure 1.  Computer simulation results. (a) Location of ROIs. (b) Plot of the signal intensities with respect to 
α in ROI 3. The TRs of 600 ms, 900 ms and 1200 ms are denoted by red, green, and blue lines, respectively. (c) 
T2* maps with respect to the TR. The ∆TE was 2.92 ms for the monopolar readouts and 1.47 ms for the bipolar 
readouts with a BW/px of 801. To solely observe the effect of SNR, the TE range was limited to 43 ms for all TRs. 
(d) T2* maps with respect to the TE range. As the TE range increases, the variation in the T2* map decreases 
due to the increased number of echoes. (e) T2* maps with respect to BW. The ∆TE decreases with an increase in 
the BW, allowing more echoes to be collected in a given TE range, but reducing SNR.
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from around 10–97 ms). As an additional experiment, every n-th echo out of the echoes created was selected. 
The datasets with the same TE range were then compared to assess the effect of ∆TE on T2* quantification. The 
parameter n was increased from 2 to 31 for monopolar readouts and from 2 to 63 for bipolar readouts, respec-
tively. For the third simulation, the parameters α, TR and TE range were fixed to 75°, 1200 ms and 97 ms. Datasets 
were simulated with three different BWs.

Phantom production. A spherical phantom was constructed to compare the readout gradients for various 
T2* relaxation times. The phantom comprised four small flasks, each of which was filled with a different concen-
tration of manganese (II) chloride  (MnCl2). The concentrations were 0.088, 0.128, 0.113, 0.183, and 0.064 mM, 
and were created to mimic the T2 of brain tissues (i.e., grey matter, white matter, spinal cord, bone marrow, and 
marrow fat) at 3 T,  respectively25,26.

Phantom experiment datasets. Phantom experiments were performed at a 3 T PRISMA MR scanner 
(Siemens Healthineers, Erlangen, Germany) with a 20-channel head/neck coil. As in the computer simulation, 
the differences in readout gradients were investigated for (1) α and TR, (2) TE range, (3) R, and (4) BW. The 
imaging parameters were set to have a scan time of 5 min, without any acceleration, using in-house developed 
GRE sequences: FOV = 240 × 240  mm2, matrix = 240 × 240, slice thickness = 1  mm, Ns = 11, BW/px = 801  Hz, 
R = 1,  TE1 = 3.84 ms, ∆TE = 2.92 ms for monopolar readout and 1.47 ms for bipolar readout, and 10 prepara-
tion scans. The readout gradients were set to have a maximum number of echoes in a given condition, and the 
amplitude of the fly-back gradients was also set to have a maximum value when using monopolar readouts. As a 
first experiment, datasets with an α of 75°, 35°, and 15° were acquired for the TRs of 600 ms, 900 ms and 1200 ms 
(i.e., a total of nine datasets for each readout). This was done to observe the results of T2* quantification with 
respect to the SNR. The achievable Ne increases as the TR increases. However, to remove the effect of an increase 
in the Ne, datasets with the TR of 900 ms and 1200 ms were retrospectively subsampled along the TE dimension 
to have the same TE range and Ne in all datasets. The TE range was 43 ms, and the Ne was 14 for monopolar and 
27 for bipolar readouts. In a subsequent experiment, datasets with an α of 35° and 15° were obtained for the TR 
of 1200 ms (i.e., a total of four datasets for each readout) and compared to the dataset with an α of 75°. When the 
TR was 1200 ms, the maximum TE range was 97 ms. The Ne was 32 for monopolar and 64 for bipolar readouts. 
After acquiring the datasets, the first n echoes out of the 32 (monopolar) and 64 (bipolar) echoes acquired were 
retrospectively chosen as in the computer simulation. The T2* values were then calculated with the selected 
echoes and compared to observe the performance of the readout gradients under the various TE ranges. In addi-
tion, every n-th echo out of the echoes acquired was retrospectively selected. From the generated datasets, those 
with the same TE range were compared to investigate the effect of the ∆TE. In a third experiment, the R was 
prospectively varied from 2 to 3 for the datasets with an α of 75° and TR of 1200 ms (i.e., acquire two datasets 
for each readout). The 24 reference lines were obtained separately for the GRAPPA reconstruction. As a fourth 
experiment, datasets with the BW/px of 718 Hz, 613 Hz and 342 Hz were additionally produced (i.e., a total of 
six datasets for each readout) to explore the effects of BW. The imaging parameters for the fourth experiment 
were as follows: FOV = 240 × 240  mm2, matrix = 240 × 240, slice thickness = 1 mm, Ns = 11, α = 75°, TR = 1200 ms, 
R = 1, TE range = 97 ms, and 10 preparation scans. The  TE1s were 3.9 ms, 4 ms and 4.62 ms for BW/px of 718 Hz, 
613 Hz and 342 Hz, respectively. The ∆TEs were 3.03 ms, 3.2 ms and 4.39 ms for monopolar readouts, and 
1.6 ms, 1.8 ms and 3.03 ms for bipolar readouts, respectively.

In vivo experiment datasets. Datasets from healthy volunteers were acquired with the following param-
eters: FOV = 240 × 240  mm2, matrix = 240 × 240, slice thickness = 1 mm, TR = 1200 ms, Ns = 11, BW/px = 801 Hz, 
 TE1 = 3.84 ms, ∆TE = 2.92 ms for monopolar (Ne = 32) and 1.47 ms for bipolar readouts (Ne = 64) and 10 prepara-
tion scans. To keep the total acquisition time as short as possible, only datasets with an α of 76° and 24° were 
acquired. The R was prospectively changed from 1 to 3 for 76° to compare the results with respect to the SNR 
(i.e., a total of four datasets for each readout). The 24 reference lines were collected separately for the GRAPPA 
reconstruction. The Ne was retrospectively adjusted, as was the case in the phantom experiments. The first n ech-
oes out of the 32 (monopolar) and 64 (bipolar) echoes acquired were selected and compared to investigate the 
performance of the readout gradients under the various TE ranges. In addition, every n-th echo was collected, 
and the datasets with the same TE range were compared to observe the effects of ∆TE.

This study was approved by the local institutional review board (RWTH Aachen University, approval num-
ber EK 266/09) and performed in accordance with relevant guidelines and regulations. Informed consent was 
obtained from all subjects prior to the experiments.

Data analyses. For experimental data, the individual coil images were reconstructed by applying 2D Fourier 
transform without any additional k-space filtering, and the resultant multi-channel images were combined with 
an adaptive combine  method27. When parallel imaging was applied, the individual coil image was reconstructed 
using a 5 × 4 kernel. To quantify T2*, magnitude fitting was performed in each voxel. The influences of α, TR, and 
T1 (i.e., the second term in Eq. 3) can be seen as a multiplication of a constant term, and the phase information 
(i.e., the fourth term in Eq. 3) vanishes when the magnitude image is treated. Thus, mono-exponential decay was 
employed for the calculation of T2*. The Rician noise distribution was also  considered28,29. The noise variance 
was estimated from four ROIs, consisting of 300 voxels, at the corners of the noise-only background. When the 
bipolar readouts were used, amplitude modulation was also modelled as an exponential function and corrected 
for experimental  datasets22. The spin density and T2* values were first calculated from all echoes, and then the 
exponential terms multiplied by the odd and even echoes were computed using the difference between the meas-
ured values and the synthesised values. This procedure was repeated iteratively.
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The mean and standard deviation of the calculated T2*s were evaluated for each ROI. The ROIs were manually 
determined for computer simulations and phantom experiments. The segmentation results obtained using FSL’s 
FAST and FIRST  algorithms30,31 were used as masks for the in vivo experiments. For the phantom experiments 
where true T2* was unknown, the mean values were compared based on the values obtained with a relatively 
higher SNR (i.e., α of 75° without any acceleration). The mean values of the in vivo data were compared to those 
reported in other  literature3,32,33. The measured standard deviations were also compared with the theoretically 
predicted values using a CRLB. A Rician noise distribution was considered for the calculation of the Fisher 
information  matrix34.

Results
Figure 1 shows the representative results of the computer simulation. Figure 1a shows the location of the regions 
of interest (ROIs). Figure 1b shows the relative transverse magnetisation level of ROI 3 (T2* = 69 ms, T1 = 878 ms) 
with respect to the α and TR. In Fig. 1c–e, the left and right figures show T2* maps derived from the use of 
monopolar and bipolar readouts, respectively. Figure 1c shows that the variation in the T2* map increases as 
the SNR decreases (i.e., as the α and TR decrease). The T2* map was hardly affected by the changes in the TR 
at a lower α (i.e., 15°), since the SNR remained almost the same (Fig. 1b). Figure 1d depicts the changes in the 
T2* map with respect to the TE range when the TR was kept constant. An increase in the TE range enables 
more echoes to be acquired; the maximum number of echoes achieved with the given TE range is indicated in 
parentheses. Under the given SNR condition (i.e., fixed α and TR), variation in the T2* map decreases as the TE 
range increases. The T2* maps from the bipolar readouts depicted in Fig. 1c,d show less variation than those 
from monopolar readouts. This is particularly significant with a lower SNR and shorter TE range. Figure 1e 
shows the effects of the BW. The ∆TE for each BW/px and the corresponding number of echoes are indicated at 
the top of the figures. The SNR is the value measured in the first echo image. The bipolar readout can acquire the 
same number of echoes as the monopolar readout while decreasing BW and improving SNR (e.g., 718BW/px for 
monopolar and 342BW/px for bipolar). In this case, a T2* map from a bipolar readout can achieve less variation. 
The mean and standard deviation of T2* values for each simulation experiment are presented in Table 1. The 
number in parentheses is the standard deviation predicted by the CRLB.

Figure 2 shows the results of the phantom experiments. Figure 2a shows the location of ROIs. Figure 2b 
displays the effects of the amplitude modulation. The first row displays the first and second echo images taken 
with bipolar readout, the synthesised images created using the fitted parameters without amplitude modula-
tion, and the difference images between the acquired and synthesised images. The images were produced from 
a dataset with a TE range of 97 ms. It is challenging to visually discern the amplitude modulation in the images 
obtained. However, the difference images clearly show that amplitude modulation produced different signal 
intensity modulation along the readout direction. In the second row, the left and right figures are the T2* maps 
from bipolar readout when the TE range is relatively short. The figures on the right are the T2* maps following 
amplitude modulation correction. The Ne achieved with the given TE range is indicated in parentheses at the top 
of the figure. The amplitude modulation makes the difference in T2* along the readout direction, as indicated 
by yellow arrows. However, it can be compensated by amplitude modulation correction. In Fig. 2c–e, the T2* 
maps from bipolar readout followed amplitude modulation correction. Figure 2c shows that the variation in the 
T2* map increases as the α and TR decrease. The T2* map from the bipolar readout gives a smaller variation 
compared to that from the monopolar readout under the same conditions, especially with a lower SNR (i.e., 
lower α and shorter TR). Figure 2d shows that the variation in the T2* map increases with an increase in the 
R and a decrease in the TE range. The difference between the T2* maps from the two readouts becomes larger 
for a higher R and shorter TE range. Figure 2e shows the changes in the T2* map with respect to the BW. The 
bipolar readouts can acquire the same number of echoes as the monopolar readouts while increasing the SNR 
with a lower BW. Table 2 shows the mean, standard deviation, and CRLB values for each phantom experiment.

The mean, standard deviation, and CRLB values are also plotted as a function of the TE range in Fig. 3. 
Figure 3a displays the results of computer simulations. The results where α is 75°, 35°, and 15° are denoted by 
the blue, green, and red lines, respectively. The results from the monopolar and bipolar readouts are depicted 
with dark and light colours, respectively. In the mean plot, the true T2* is indicated by a dotted black line. The 
mean T2* decreases as the TE range increases and eventually reaches a convergence value (i.e., true T2*). The 
TE range required to reach the convergence value increases as the α decreases. For instance, the mean T2* of the 
monopolar readout converges to a true value near the TE range of 30 ms for 75° and 70 ms for 15°. When the 
TE range is sufficiently long, the mean values from the bipolar and monopolar readouts are almost the same. 
However, with a shorter TE range, the mean from the bipolar readout tends to be closer to the true value than 
that from the monopolar readout. The standard deviation decreases with the increase in the TE range and α. The 
measured standard deviations (2nd column) showed the same tendency as predicted by CRLB (3rd column). The 
results from the bipolar readout had lower standard deviations compared to those from the monopolar readout, 
regardless of the TE ranges. Specifically, the difference between the two readouts became larger for a lower α 
and shorter TE range. Figure 3b shows the results of phantom experiments. The first row shows the effects of 
amplitude modulation. The results from the bipolar readout before and after amplitude modulation correc-
tion are depicted by different types of lines. In the case where bipolar readouts are utilised without amplitude 
correction, the mean T2* fluctuates, as indicated by the yellow arrow. These fluctuations are eliminated by an 
amplitude modulation correction. For standard deviation, the correction of amplitude modulation did not have 
a significant impact on its value. The second and third rows display the changes in the value with respect to the 
α and R, respectively. In each plot, the different α or Rs are indicated by blue, green, and red lines. The results 
obtained using monopolar and bipolar readouts are denoted by dark and light colours, respectively. The mean 
and standard deviation tend to decrease as the TE range increases. As the SNR decreases (i.e., as the α decreases 



6

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1138  | https://doi.org/10.1038/s41598-023-28265-0

www.nature.com/scientificreports/

or R increases), the mean and standard deviation increase. The standard deviation showed the same tendency 
as predicted. The standard deviations from bipolar readouts are lower than those from monopolar readouts, 
particularly with a shorter TE range, lower α, and higher R.

Figure 4 shows the results of in vivo experiments. Figure 4a,b show that the variation in the T2* map increases 
with an increase in R and a decrease in the α and TE range. The T2* maps from bipolar readouts show less vari-
ation than those from monopolar readouts under the same conditions, especially for a higher R and shorter TE 
range. In addition, T2* maps from bipolar readouts clearly show the anatomical structures. The T2* maps at the 
bottom of Fig. 4b are magnified maps obtained with an α of 76°. The sulci, gyri, and corona radiate are better 
distinguished in the T2* map from the bipolar readout than in the T2* map from the monopolar readout, espe-
cially for a higher R and shorter TE range, as indicated by yellow arrows. Figure 4c shows that the variation in 
the T2* map decreases as the ∆TE decreases. The mean and standard deviations were measured in white matter 
and are shown in Table 3a–c. Table 3d shows the values averaged across all subjects when α was 76°, and the TE 
range was 97 ms with an R of 1. The measured values are well matched with other  literature3,32,33.

Figure 5a shows the plots of the mean, standard deviation and CRLB values calculated in white matter as a 
function of the TE range. The measured values show the same tendencies as in the results of the computer simula-
tion and phantom experiments. The mean and standard deviation decrease as the α and TE range increase and 
the R decreases. The mean and standard deviation from both readouts are almost identical for the maximum TE 
range. As the TE range decreases, the bipolar readout tends to achieve a lower standard deviation compared to 
the monopolar readout. Figure 5b shows histograms for the whole brain when the TE range is 26 ms and 97 ms 
with an α of 76° and R of 1. The histograms of monopolar and bipolar readouts are represented in black and 
white. The grey region indicates the intersection of both readouts. When the TE range is 26 ms, it can be observed 
that the width of the bipolar readout is smaller and the peak is higher than that of the monopolar readout, i.e., 
bipolar readout provides greater precision.

Table 1.  Mean and standard deviation of the calculated T2*s in the computer simulation with respect to 
the (a) α and TR (b) α and TE range (c) ∆TE and (d) BW/px. The values were measured in ROI 3 (Fig. 1a). 
The number in the parentheses shows the predicted standard deviation using a CRLB. As with the visual 
observation, standard deviation increases as the α, TR, and the TE range decrease. (a and b) The difference 
between the two readouts becomes larger for a lower SNR and shorter TE range. (c) The ‘std diff ’ is 
substantially smaller when the ∆TEs from each readout are similar. (d) By decreasing the BW, the bipolar 
readout can achieve the same number of echoes as the monopolar readout but with higher precision. When 
the BW/px of monopolar and bipolar readouts are 718 Hz and 342 Hz, respectively, both readouts acquire 32 
echoes. However, bipolar readouts provide a smaller standard deviation (i.e., 0.72 ms) compared to monopolar 
readouts (i.e., 1.04 ms).

TR 600 ms 900 ms 1200 ms

(a) BW/px = 801 Hz

 15°
Mono 69.95 ± 8.45 (7.76) 69.83 ± 8.17 (7.64) 69.65 ± 7.77 (7.58)

Bipolar 69.66 ± 6.11 (5.75) 69.45 ± 5.88 (5.66) 69.38 ± 5.68 (5.62)

 35°
Mono 69.07 ± 4.05 (4) 69.11 ± 3.77 (3.72) 69.36 ± 3.63 (3.59)

Bipolar 69.15 ± 2.96 (2.97) 69.06 ± 2.74 (2.76) 69.1 ± 2.65 (2.66)

 75°
Mono 69.01 ± 3.67 (3.52) 69.13 ± 2.88 (2.84) 69.01 ± 2.43 (2.51)

Bipolar 69.08 ± 2.58 (2.61) 69.08 ± 2.13 (2.1) 69.02 ± 1.84 (1.86)

TE range 26 ms 52 ms 97 ms

(b) BW/px = 801 Hz, TR = 1200 ms

 15°
Mono 73.05 ± 20.97 (15.48) 69.47 ± 6.65 (6.48) 69.01 ± 3.31 (3.26)

Bipolar 70.68 ± 11.68 (10.93) 69.28 ± 4.64 (4.6) 69.05 ± 2.29 (2.33)

 35°
Mono 69.94 ± 7.98 (7.33) 69.28 ± 3.1 (3.07) 69.09 ± 1.56 (1.54)

Bipolar 69.25 ± 5.35 (5.17) 69.07 ± 2.16 (2.18) 69 ± 1.09 (1.1)

 75°
Mono 69.42 ± 5.22 (5.14) 69.06 ± 2.12 (2.15) 69.01 ± 1.05 (1.08)

Bipolar 69.03 ± 3.67 (3.63) 69.03 ± 1.53 (1.53) 69.02 ± 0.77 (0.77)

∆TE (mono/bipolar) 43.8/44.1 ms 17.52/17.64 ms 5.84/5.88 ms

(c) BW/px = 801 Hz, TR = 1200 ms, TE range = 92 ms

 75°
Mono 69.07 ± 2.91 (2.83) 68.94 ± 2.23 (2.23) 69.01 ± 1.49 (1.49)

Bipolar 69.08 ± 2.84 (2.83) 69.03 ± 2.22 (2.23) 68.99 ± 1.46 (1.5)

BW/px 342 Hz 613 Hz 718 Hz

(d) TR = 1200 ms, TE range = 97 ms

 ∆TE (mono/bipolar) 4.48/3.03 ms 3.27/1.82 ms 3.05/1.6 ms

 # of echoes (mono/bipolar) 21/31 29/52 31/59

 75°
Mono 69.02 ± 0.86 (0.87) 69.04 ± 0.98 (0.99) 69 ± 1.04 (1.04)

Bipolar 68.99 ± 0.72 (0.72) 69.03 ± 0.76 (0.75) 69.01 ± 0.76 (0.76)
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Figure 2.  Phantom experiment results. (a) Location of ROIs. (b) Effects of the AM modulation. Imaging 
parameters: BW/px = 801, TR = 1200 ms, α = 75°, ∆TE = 1.47 ms, and R = 1. The synthesised images in the first 
row are created from a dataset with a TE range of 97 ms. Before amplitude modulation correction, the left and 
right parts of the object show slightly different T2* values. The T2* was stably computed over the entire region 
after amplitude modulation correction. (c–e) T2* maps with respect to the (c) α and TR, (d) R and TE range, 
and (e) BW. The ∆TE was 2.92 ms for the monopolar readouts and 1.47 ms for the bipolar readouts under the 
BW/px of 801. The variation in the T2* map increases as the α and TE range decrease and the R increases. An 
increase in the BW reduces the ∆TE, allowing more echoes to be collected within the same scan time, but with a 
reduced SNR.
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Discussion
In this work, the effects of imaging parameters, i.e., α, TR, TE range, ∆TE and BW, on T2* quantification were 
investigated, and monopolar and bipolar readouts were compared using computer simulation, phantom and 
in vivo experiments. Initially, datasets were acquired for a different set of α and TRs to investigate the impacts 
of noise. Since the multi-echo GRE sequences employ a multi-slice acquisition to utilise the dead time, the TE 
range is determined by the TR and the number of slices, Ns. The reduction in the TR with a given Ns not only 
limits the Ne but also causes a decrease in the SNR. Thus, in order to avoid mixing the two effects, the Ne remained 
fixed in the first experiments. For a given α and TR, the Ne can be increased by reducing the Ns. The second set 
of experiments (i.e., select n echoes out of the echoes acquired) indirectly shows the situation when the TR is 
kept constant, but Ns is altered in a multi-slice acquisition. In the third set of experiments, every n-th echo out 
of the echoes acquired was retrospectively selected to see the effects of ∆TE. In general, an effort is made to 
minimise ∆TE (i.e., no time is wasted between readout gradients and/or increase the BW) and to acquire more 
echoes to aid accurate T2* quantification. However, there is a trade-off between ∆TE and BW. An increase in 
the BW reduces ∆TE but decreases the SNR. These effects on T2* quantification were observed in the fourth set 
of experiments by changing the BW.

As T2* was a known value in the computer simulations, it was possible to use the computer simulations 
to investigate the effects the imaging parameters had in terms of accuracy and precision, thus facilitating the 
evaluation of the quantification. In the simulation, the time-series signals were modelled as a mono-exponential 
function since the phantom used in our experiments was quite large and homogenous. From the simulation 
results, it was found that the mean T2* deviated from the true value for a shorter TE range and reached the true 

Table 2.  Mean, standard deviation and relative difference of the standard deviation with respect to the (a) α 
and TR (b) α and TE range (c) R and TE range (d) ∆TE and (e) BW/px in phantom experiments. The values 
were calculated in ROI 3 (Fig. 2a). The numbers in parentheses are the standard deviations predicted from 
CRLB. As in the computer simulation, the standard deviation increases as the α, TR and TE range decrease. 
The standard deviation also increases with an increase in the R. (a-c) The difference between the two readouts 
tends to increase at a lower α, shorter TR, shorter TE range, and lower R. (d) When the TEs from each readout 
are similar and have the same BW/px, the monopolar and bipolar readouts provide similar precision. (e) When 
the monopolar and bipolar readouts have the BW/px of 718 and 342 Hz, respectively, both readouts achieve 
31 echoes in the same scan time. However, the bipolar readout can achieve a smaller standard deviation (i.e., 
1.39 ms) than the monopolar readout (i.e., 1.46 ms) with an increased SNR.

TR 600 ms 900 ms 1200 ms

(a) BW/px = 801 Hz, TE range = 43 ms, R = 1

 15°
Mono 66.91 ± 4.19 (3.93) 66.59 ± 4.04 (3.88) 66.63 ± 4.09 (3.85)

Bipolar 66.72 ± 3.27 (2.9) 66.51 ± 3.22 (2.88) 66.27 ± 3.19 (2.85)

 35°
Mono 66.39 ± 2.23 (1.87) 66.34 ± 2.14 (1.77) 66.49 ± 2.18 (1.74)

Bipolar 66.66 ± 1.91 (1.37) 66.4 ± 1.88 (1.31) 66.5 ± 1.87 (1.28)

 75°
Mono 66.58 ± 1.75 (1.36) 66.06 ± 1.62 (1.17) 66.46 ± 1.58 (1.11)

Bipolar 66.74 ± 1.61 (1.01) 66.57 ± 1.54 (0.88) 66.08 ± 1.5 (0.81)

TE range 26 ms 52 ms 97 ms

(b) BW/px = 801 Hz, TR = 1200 ms, R = 1

 15°
Mono 67.19 ± 8.2 (7.94) 66.59 ± 3.61 (3.29) 66.12 ± 2.34 (1.66)

Bipolar 66.46 ± 5.66 (5.55) 66.3 ± 2.82 (2.34) 66.15 ± 1.97 (1.18)

 35°
Mono 66.44 ± 3.69 (3.52) 66.54 ± 2.07 (1.49) 66.6 ± 1.76 (0.76)

Bipolar 66.5 ± 2.72 (2.48) 66.52 ± 1.82 (1.05) 66.56 ± 1.62 (0.54)

 75°
Mono 66.59 ± 2.38 (2.26) 66.48 ± 1.54 (0.95) 66.69 ± 1.48 (0.49)

Bipolar 66.08 ± 1.85 (1.6) 66.11 ± 1.52 (0.67) 66.29 ± 1.42 (0.34)

(c) BW/px = 801 Hz, TR = 1200 ms, α = 75°

 R = 3
Mono 67.46 ± 6.38 (6.12) 66.73 ± 2.86 (2.52) 66.99 ± 1.95 (1.29)

Bipolar 67.44 ± 4.44 (4.33) 67.13 ± 2.35 (1.82) 67.4 ± 1.74 (0.93)

 R  = 2
Mono 66.99 ± 3.53 (3.43) 66.85 ± 1.89 (1.44) 67.22 ± 1.6 (0.74)

Bipolar 67 ± 2.59 (2.41) 66.94 ± 1.73 (1.02) 67.24 ± 1.5 (0.53)

∆TE (mono/
bipolar) 43.8/44.1 ms 17.52/17.64 ms 5.84/5.88 ms

(d) BW/px = 801 Hz, TR = 1200 ms, TE range = 92 ms, R = 1

 75°
Mono 66.68 ± 1.73 (1.28) 66.72 ± 1.62 (1.00) 66.7 ± 1.53 (0.67)

Bipolar 66.31 ± 1.72 (1.26) 66.31 ± 1.61 (0.99) 66.29 ± 1.52 (0.66)

BW/px 342 Hz 613 Hz 718 Hz

(e) TR = 1200 ms, TE range = 97 ms, R = 1

 75°
Mono 66.83 ± 1.44 (0.38) 66.68 ± 1.45 (0.44) 66.68 ± 1.46 (0.47)

Bipolar 66.49 ± 1.39 (0.33) 66.66 ± 1.43 (0.34) 66.89 ± 1.39 (0.34)
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Figure 3.  Plots of the mean and standard deviations as a function of the TE range. The mean and standard 
deviations were measured in ROI 3. Imaging parameters: BW/px = 801, ∆TE = 2.92 ms for monopolar and 
1.47 ms for bipolar, TR = 1200 ms. (a) Computer simulation results. (b) Phantom experiments results. The first 
row shows the effects of amplitude modulation. In the case of bipolar readout, the fluctuations in the mean value 
can be removed by an amplitude modulation correction. In the second and third rows, the changes in mean and 
standard deviations are displayed with respect to the α and R. As the SNR decreases (i.e., as the α decreases and 
R increases), the mean and standard deviation tend to increase.
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Figure 4.  T2* maps from a healthy volunteer obtained using monopolar and bipolar readout gradients with 
amplitude modulation correction. Each column and row display the results for a different set of (a) α and TE 
range and (b) R and TE range. Imaging parameters: BW/px = 801, ∆TE = 2.92 ms for monopolar readout and 
1.47 ms for bipolar readout. The number in parentheses is the maximum number of echoes achieved in the 
given TE range. As indicated by the yellow arrows in the magnified view, anatomical structures are clearly 
distinguished in the T2* maps from bipolar readouts. The figures in (c) show the results for a different set of 
∆TEs.
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value as the TE range increased (Fig. 3). If the TE range is sufficient, even when the number of echoes is limited 
by reducing the ∆TE (Table 1c,d), a mean T2* close to the true value could be delivered. This implies that signal 
acquisition over a sufficient TE range contributes more to an accurate quantification compared to increasing the 
number of echoes while having a shorter TE range. Figure S2 in Supplementary Information shows the changes 
in mean T2* with respect to the TE range for different ROIs. To achieve a T2* similar to the true value, the TE 
range should be comparable to or greater than the true T2*. The difference in the mean values between the two 
readout types was less than 0.1% for a sufficient TE range, i.e., monopolar and bipolar readouts have almost the 
same accuracy. When the TE range was shorter than true T2*, the mean from the bipolar readout was found to 
be closer to the true value than that from the monopolar readout, i.e., the bipolar readout has higher accuracy 
for a relatively shorter TE range. The mean T2* increased as the SNR or TE range decreased. When additional 
noise or a short TE range is introduced, the fitting procedure is more likely to be trapped at the erroneous local 
minima. The tendency of T2* to increase might be interpreted as a result of an increase in the number of outliers. 
The outliers are related to poor initial estimates. In our work, the Rician noise distribution was considered in 
a fit  model28,29 because noise bias can induce an overestimation of T2*35–37. As the noise was estimated using a 
ROI in the background region, this approach could also yield erroneous noise estimates due to spatially varying 
noise fields, which may be a limitation of this study.

In terms of precision, a remarkable difference between the two readouts can be seen; the bipolar readout 
always provided greater precision (i.e., lower standard deviation) compared to the monopolar readout. The differ-
ence between the standard deviations of the two readouts was over 25%, regardless of the TE range, with a BW/px 
of 801 (Table 1b). The bipolar readout utilises twice as many echoes as a monopolar readout in a given TE range. 
In theory, the standard deviation of T2*s from a bipolar readout is √2/2 times that from a monopolar readout. 
The standard deviations predicted from CRLB showed a √twofold difference between the monopolar and bipolar 
readouts. The standard deviations measured had similar values to the CRLB values in both readouts and showed a 
√twofold difference, particularly for a higher α and longer TE range. As α and TE range decreased, the difference 
between the two readouts became greater than √2. The measured standard deviations showed good agreement 
with the CRLB values, except for the short TE range (< = 26 ms) and lower α. As with the changes in the mean 
T2*, outliers caused by insufficient SNR or data points could result in an increase in the standard deviation.

In the phantom experiments, the differences in the standard deviation between monopolar and bipolar 
readouts were considerably reduced for a higher α and longer TE range. This was also confirmed in the in vivo 

Table 3.  Mean, standard deviation, and relative difference of the standard deviation from one healthy 
volunteer with respect to the (a) α and TE range, (b) R and TE range and (c) ∆TE. The values were measured 
in white matter. The numbers in parentheses are the standard deviations predicted from CRLB. As in the 
computer simulation and phantom experiments, standard deviation increases as the α and TE range decrease. 
(a and b) The difference between both readouts also tends to increase with a decrease in the α and TE range. 
(c) When monopolar and bipolar readouts have similar TEs, both readouts show comparable precision. (d) The 
mean and standard deviation averaged across all subjects (number of subjects = 2). The values were calculated 
from the data with α of 76° and R of 1 for the maximum TE range (i.e., 97 ms).

TE range 26 ms 52 ms 97 ms

(a) BW/px = 801 Hz, TR = 1200 ms, R = 1

 24°
Mono 55.95 ± 23.15 (15.96) 53.26 ± 10.23 (6.05) 51.36 ± 8.38 (3.47)

Bipolar 53.4 ± 16.25 (11.66) 52.5 ± 9.7 (5.2) 51.07 ± 8.67 (2.53)

 76°
Mono 51.34 ± 9.5 (6.35) 52.22 ± 6.97 (2.82) 51.64 ± 6.67 (1.6)

Bipolar 50.99 ± 8.51 (4.49) 52.21 ± 6.8 (2.11) 51.6 ± 6.48 (1.14)

(b) BW/px = 801 Hz, TR = 1200 ms, α = 76°

 R = 3
Mono 54.13 ± 17.36 (11.89) 53.14 ± 9.37 (5.26) 53.36 ± 7.59 (2.97)

Bipolar 51.46 ± 9.66 (8.3) 52.64 ± 7.32 (3.88) 52.4 ± 6.9 (2.1)

 R = 2
Mono 53.05 ± 12.72 (8.51) 53.22 ± 8.35 (3.8) 52.81 ± 7.38 (2.1)

Bipolar 51.63 ± 9.76 (6.02) 52.77 ± 7.42 (2.8) 52.51 ± 6.92 (1.51)

∆TE (mono/bipolar) 43.8/44.1 ms 17.52/17.64 ms 5.84/5.88 ms

(c) BW/px = 801Hz, TR = 1200ms, TE range = 92ms, R = 1

 75°
Mono 51.46 ± 7.64 (4.32) 51.55 ± 7.14 (4.19) 51.69 ± 6.84 (2.81)

Bipolar 51.37 ± 7.59 (4.4) 51.38 ± 7.03 (3.34) 52.57 ± 6.69 (2.24)

Monopolar Bipolar Literatures

(d) BW/px = 801Hz, TR = 1200ms, α = 76°, R = 1, TE range = 97ms

 ROI Mean ± std Mean ± std –

 Grey matter 58.94 ± 0.96 58.85 ± 0.89 55.732, 65.73

 White matter 50.59 ± 1.05 50.53 ± 1.07 5032, 47.63

 Caudate 50.43 ± 0.95 50.57 ± 0.7 54.93

 Pallidus 33.98 ± 3.89 33.35 ± 3.92 3033

 Putamen 45.35 ± 1.23 45.17 ± 0.94 4133

 Thalamus 50.29 ± 0.74 50.27 ± 0.47 5033
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experiments. In the presence of systematic or physiological errors, both readouts provided similar accuracy and 
precision, especially when the signal was sufficiently sampled (i.e., with a relatively longer TE range). However, 
the bipolar readout showed smaller standard deviations than the monopolar readout as the TE range decreased. 
The range of variation (i.e., the difference between the highest and lowest means or standard deviations) increases 
as the relaxation time increases (Fig. S3 in the Supplementary Information). The bipolar readouts were less sensi-
tive to changes in the R, TE range and relaxation time.

An increase in the BW can shorten the ∆TE. The difference in the Ne between the two readouts increases as 
the BW increases. In practical implementations, the ∆TE is constrained by the maximum amplitude and slew 
rate of the gradient. If a high-performance gradient is utilised, a bipolar readout can be more robust for T2* 

Figure 5.  (a) Plots of the mean and standard deviation of the T2*s calculated in white matter from one 
healthy volunteer. Imaging parameters: BW/px = 801, ∆TE = 2.92 ms for monopolar and 1.47 ms for bipolar, 
and TR = 1200 ms. (b) Histograms for the whole brain when the TE range is 26 ms (left) and 97 ms (right), 
respectively. Imaging parameters: BW/px = 801, ∆TE = 2.92 ms for monopolar and 1.47 ms for bipolar, 
TR = 1200 ms, α = 76°, R = 1.
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quantification. In addition, the range of T2* relaxation times investigated in this study is specific to the brain at 
3 T. If T2* quantification is performed with a short TE range in an area with a short T2* value, such as the liver, 
it is expected that the benefit of using a bipolar readout would become more apparent.

Amplitude modulation, like phase modulation, produces a linear difference in the signal intensities and is 
dependent on the polarity of the readout gradients. When a monopolar readout is used, the modulation term 
appears identically throughout the echo train, having no significant influence on T2* quantification. However, 
T2* quantification would be hampered by amplitude modulation in the bipolar readout. In our experiments, 
when bipolar readouts were used, fluctuations in the mean T2* were observed across the TE ranges. The effects 
of amplitude modulation were also visible in uncorrected T2* maps. The quantified T2* showed differences 
between the left and right sides of the object. The observed decrease in fluctuations in the mean T2* as the TE 
range increases also suggests that the impact of amplitude modulation increases when the signal is not suffi-
ciently sampled due to a relatively shorter TE range. However, the fluctuations can be suppressed by an amplitude 
modulation correction. Thus, it is important to note that amplitude modulation correction is required to obtain 
accurate T2*, especially for a shorter TE range.

Conclusions
In this work, the performance of monopolar and bipolar readout gradients was evaluated under various condi-
tions. A shorter ∆TE in the bipolar scheme enabled the utilisation of a larger number of echoes, which led to the 
more accurate quantification of T2*. Moreover, the bipolar readouts were shown to be more robust in quantifying 
the T2* when a lower SNR or smaller number of echoes was given. In the case of using bipolar readout, the effect 
of amplitude modulation was demonstrated, particularly for a shorter TE range. Consequently, the use of bipolar 
readout gradients would be advantageous for accurate T2* quantification with amplitude modulation correction.

Data availability
The datasets used and /or analysed in the current study can be shared by submitting a formal request to the cor-
responding author, N. Jon Shah (n.j.shah@fz-juelich.de). The in vivo data and metadata are protected under the 
ethics/internal administrating documents.

Received: 22 April 2022; Accepted: 16 January 2023

References
 1. Oros-Peusquens, A. M., Laurila, M. & Shah, N. J. Magnetic field dependence of the distribution of NMR relaxation times in the 

living human brain. MAGMA 21(1–2), 131–147. https:// doi. org/ 10. 1007/ s10334- 008- 0107-5 (2008).
 2. Mills, A. F., Sakai, O., Anderson, S. W. & Jara, H. Principles of quantitative MR imaging with illustrated review of applicable modular 

pulse diagrams. Radiographics 37(7), 2083–2105. https:// doi. org/ 10. 1148/ rg. 20171 60099 (2017).
 3. Weiskopf, N. et al. Quantitative multi-parameter mapping of R1, PD*, MT, and R2* at 3T: A multi-center validation. Front. Neurosci. 

7, 95. https:// doi. org/ 10. 3389/ fnins. 2013. 00095 (2013).
 4. Cheng, H. L., Stikov, N., Ghugre, N. R. & Wright, G. A. Practical medical applications of quantitative MR relaxometry. J. Magn. 

Reson. Imaging 36(4), 805–824. https:// doi. org/ 10. 1002/ jmri. 23718 (2012).
 5. Shah, N. J., Abbas, Z., Ridder, D., Zimmermann, M. & Oros-Peusquens, A. M. A novel MRI-based quantitative water content atlas 

of the human brain. Neuroimage 252, 119014. https:// doi. org/ 10. 1016/j. neuro image. 2022. 119014 (2022).
 6. Choi, J. S. et al. Comparison of multi-echo and single-echo gradient-recalled echo sequences for SPIO-enhanced liver MRI at 3 T. 

Clin. Radiol. 65(11), 916–923. https:// doi. org/ 10. 1016/j. crad. 2010. 07. 003 (2010).
 7. Tang, M. Y., Chen, T. W., Zhang, X. M. & Huang, X. H. GRE T2*-weighted MRI: principles and clinical applications. Biomed. Res. 

Int. 2014, 312142. https:// doi. org/ 10. 1155/ 2014/ 312142 (2014).
 8. Zimmermann, M. et al. Multi-exponential relaxometry using l1—regularized iterative NNLS (MERLIN) with application to myelin 

water fraction imaging. IEEE Trans. Med. Imaging 38(11), 2676–2686. https:// doi. org/ 10. 1109/ TMI. 2019. 29103 86 (2019).
 9. Cunningham, C. H. et al. Design of flyback echo-planar readout gradients for magnetic resonance spectroscopic imaging. Magn. 

Reson. Med. 54(5), 1286–1289. https:// doi. org/ 10. 1002/ mrm. 20663 (2005).
 10. Yablonskiy, D. Quantitative T2 contrast with gradient echoes. Proc. Intl. Soc. Mag. Reson. Med. 8, 431 (2000).
 11. Shah, N.J., Zaitsev, M., Steinhoff, S., Wiese, S., & Zilles, K. Development of sequences for fMRI: keyhole imaging and relaxation 

time mapping. In Proceedings of the 15th European Experimental NMR Conference. (2000).
 12. Dierkes, T., Neeb, H. & Shah, N. J. Distortion correction in echo-planar imaging and quantitative T2* mapping. Int. Congr. Ser. 

1265, 181–185 (2004).
 13. van des Bos, A. Parameter estimation for scientists and engineers. Wiley & Sons Ltd. 2007. ISBN: 978-0-470-14781-8. 56p.
 14. Cohen-Adad, J. What can we learn from T2* maps of the cortex?. Neuroimage 93(Pt 2), 189–200. https:// doi. org/ 10. 1016/j. neuro 

image. 2013. 01. 023 (2014).
 15. Kellman, P. et al. Free-breathing T2* mapping using respiratory motion corrected averaging. J. Cardiovasc. Magn. Reson. 17(1), 3. 

https:// doi. org/ 10. 1186/ s12968- 014- 0106-9 (2015).
 16. Jezzard, P. & Balaban, R. S. Correction for geometric distortion in echo planar images from B0 field variations. Magn. Reson. Med. 

34(1), 65–73. https:// doi. org/ 10. 1002/ mrm. 19103 40111 (1995).
 17. Lu, W. et al. Water-fat separation with bipolar multiecho sequences. Magn. Reson. Med. 60(1), 198–209. https:// doi. org/ 10. 1002/ 

mrm. 21583 (2008).
 18. Buonocore, M. H. & Gao, L. Ghost artifact reduction for echo planar imaging using image phase correction. Magn. Reson. Med. 

38(1), 89–100. https:// doi. org/ 10. 1002/ mrm. 19103 80114 (1997).
 19. Alecci, M. & Jezzard, P. Characterization and reduction of gradient-induced eddy currents in the RF shield of a TEM resonator. 

Magn. Reson. Med. 48(2), 404–407. https:// doi. org/ 10. 1002/ mrm. 10226 (2002).
 20. Delakis, I., Petala, K. & De Wilde, J. P. MRI receiver frequency response as a contributor to Nyquist ghosting in echo planar imag-

ing. J. Magn. Reson. Imaging 22(2), 324–328. https:// doi. org/ 10. 1002/ jmri. 20365 (2005).
 21. Yu, H. et al. Phase and amplitude correction for multi-echo water-fat separation with bipolar acquisitions. J. Magn. Reson. Imaging 

31(5), 1264–1271. https:// doi. org/ 10. 1002/ jmri. 22111 (2010).
 22. Eggers, H., Koken, P., & Boernert, P. Phase and amplitude correction in bipolar multi-gradient-echo water-fat Imaging. Proc. Intl. 

Soc. Mag. Reson. Med. (2008)

https://doi.org/10.1007/s10334-008-0107-5
https://doi.org/10.1148/rg.2017160099
https://doi.org/10.3389/fnins.2013.00095
https://doi.org/10.1002/jmri.23718
https://doi.org/10.1016/j.neuroimage.2022.119014
https://doi.org/10.1016/j.crad.2010.07.003
https://doi.org/10.1155/2014/312142
https://doi.org/10.1109/TMI.2019.2910386
https://doi.org/10.1002/mrm.20663
https://doi.org/10.1016/j.neuroimage.2013.01.023
https://doi.org/10.1016/j.neuroimage.2013.01.023
https://doi.org/10.1186/s12968-014-0106-9
https://doi.org/10.1002/mrm.1910340111
https://doi.org/10.1002/mrm.21583
https://doi.org/10.1002/mrm.21583
https://doi.org/10.1002/mrm.1910380114
https://doi.org/10.1002/mrm.10226
https://doi.org/10.1002/jmri.20365
https://doi.org/10.1002/jmri.22111


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1138  | https://doi.org/10.1038/s41598-023-28265-0

www.nature.com/scientificreports/

 23. Peterson, P., & Månsson, S. Fat quantification using multiecho sequences with bipolar gradients: investigation of accuracy and 
noise performance. Magn. Reson. Med. 71(1), 219–229. https:// doi. org/ 10. 1002/ mrm. 24657 (2014)

 24. Dula, A. N., Gochberg, D. F. & Does, M. D. Optimal echo spacing for multi-echo imaging measurements of Bi-exponential T2 
relaxation. J. Magn. Reson. 196(2), 149–156. https:// doi. org/ 10. 1016/j. jmr. 2008. 11. 002 (2009).

 25. Thangvel, K. & Sarıtaş, E. Ü. Aqueous paramagnetic solutions for MRI phantoms at 3 T: A detailed study on relaxivities. Turkiye 
Klinikleri J. Med. Sci. 25, 2108–2121 (2017).

 26. Hattori, K., Ikemoto, Y., Takao, W., Ohno, S., Harimoto, T., Kanazawa, S., Oita, M., Shibuya, K., Kuroda, M., & Kato, H. Develop-
ment of MRI phantom equivalent to human tissues for 3.0-T MRI. Med. Phys. 40(3), 032303 (2013).

 27. Walsh, D. O., Gmitro, A. F., & Marcellin, M. W. Adaptive reconstruction of phased array MR imagery. Magn. Reson. Med. 43(5), 
682–690. https:// doi. org/ 10. 1002/ (sici) 1522- 2594(200005) 43: 5< 682:: aid- mrm10 >3. 0. co;2-g (2000).

 28. Umesh Rudrapatna, S., Bakker, C. J., Viergever, M. A., van der Toorn, A. & Dijkhuizen, R. M. Improved estimation of MR relaxa-
tion parameters using complex-valued data. Magn. Reson. Med. 77(1), 385–397. https:// doi. org/ 10. 1002/ mrm. 26088 (2017).

 29. Sijbers, J., den Dekker, A. J., Raman, E. & van Dyck, D. Parameter estimation from magnitude MR images. Int. J. Imag Syst. Tech. 
10, 109–114 (1999).

 30. Zhang, Y., Brady, M. & Smith, S. Segmentation of brain MR images through a hidden Markov random field model and the 
expectation-maximization algorithm. IEEE Trans. Med. Imaging 20(1), 45–57. https:// doi. org/ 10. 1109/ 42. 906424 (2001).

 31. Patenaude, B., Smith, S. M., Kennedy, D. N. & Jenkinson, M. A Bayesian model of shape and appearance for subcortical brain 
segmentation. Neuroimage 56(3), 907–922. https:// doi. org/ 10. 1016/j. neuro image. 2011. 02. 046 (2011).

 32. Oros-Peusquens, A. M. et al. A single-scan, rapid whole-brain protocol for quantitative water content mapping with neurobiological 
implications. Front. Neurol. 10, 1333. https:// doi. org/ 10. 3389/ fneur. 2019. 01333 (2019).

 33. Péran, P. et al. Voxel-based analysis of R2* maps in the healthy human brain. J. Magn. Reson. Imaging 26(6), 1413–1420. https:// 
doi. org/ 10. 1002/ jmri. 21204 (2007).

 34. Poot, D. H., den Dekker, A. J., Achten, E., Verhoye, M. & Sijbers, J. Optimal experimental design for diffusion kurtosis imaging. 
IEEE Trans. Med. Imaging 29(3), 819–829. https:// doi. org/ 10. 1109/ TMI. 2009. 20379 15 (2010).

 35. Yokoo, T., Yuan, Q., Sénégas, J., Wiethoff, A. J. & Pedrosa, I. Quantitative R2* MRI of the liver with rician noise models for evalu-
ation of hepatic iron overload: Simulation, phantom, and early clinical experience. J. Magn. Reson. Imaging 42(6), 1544–1559. 
https:// doi. org/ 10. 1002/ jmri. 24948 (2015).

 36. Sandino, C. M., Kellman, P., Arai, A. E., Hansen, M. S. & Xue, H. Myocardial T2* mapping: Influence of noise on accuracy and 
precision. J. Cardiovasc. Magn. Reson. 17(1), 7. https:// doi. org/ 10. 1186/ s12968- 015- 0115-3 (2015).

 37. Raya, J. G. et al. T2 measurement in articular cartilage: Impact of the fitting method on accuracy and precision at low SNR. Magn. 
Reson. Med. 63(1), 181–193. https:// doi. org/ 10. 1002/ mrm. 22178 (2010).

Acknowledgements
The project B-Q MINDED has received funding from the European Union’s Horizon 2020 research and innova-
tion programme under the Marie Skłodowska-Curie grant agreement No 764513. Open access publication is 
funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)—491111487. The authors 
would like to thank our colleagues, the MTAs and all participants in this project. Special thanks are given to 
Michael Schöneck for phantom production and Claire Rick for English proofreading.

Author contributions
S.S. was involved in the implementation of the sequence, acquisition and analysis of the data and writing of the 
manuscript. S.Y. contributed to the implementation of the sequence, analysis of the data, reviewing and editing 
the manuscript. N.J.S. oversaw the concept and design of the study, and reviewed and edited the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 28265-0.

Correspondence and requests for materials should be addressed to N.J.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1002/mrm.24657
https://doi.org/10.1016/j.jmr.2008.11.002
https://doi.org/10.1002/(sici)1522-2594(200005)43:5<682::aid-mrm10>3.0.co;2-g
https://doi.org/10.1002/mrm.26088
https://doi.org/10.1109/42.906424
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.3389/fneur.2019.01333
https://doi.org/10.1002/jmri.21204
https://doi.org/10.1002/jmri.21204
https://doi.org/10.1109/TMI.2009.2037915
https://doi.org/10.1002/jmri.24948
https://doi.org/10.1186/s12968-015-0115-3
https://doi.org/10.1002/mrm.22178
https://doi.org/10.1038/s41598-023-28265-0
https://doi.org/10.1038/s41598-023-28265-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	T2* quantification using multi-echo gradient echo sequences: a comparative study of different readout gradients
	Methods
	Computer simulation datasets. 
	Phantom production. 
	Phantom experiment datasets. 
	In vivo experiment datasets. 
	Data analyses. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


