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Abstract
Purpose: To explore the high signal-to-noise ratio (SNR) efficiency of inter-
leaved multishot 3D-EPI with standard image reconstruction for fast and robust
high-resolution whole-brain quantitative susceptibility (QSM) and R∗2 mapping
at 7 and 3T.
Methods: Single- and multi-TE segmented 3D-EPI is combined with con-
ventional CAIPIRINHA undersampling for up to 72-fold effective gradient
echo (GRE) imaging acceleration. Across multiple averages, scan parameters
are varied (e.g., dual-polarity frequency-encoding) to additionally correct for
B0-induced artifacts, geometric distortions and motion retrospectively. A com-
parison to established GRE protocols is made. Resolutions range from 1.4 mm
isotropic (1 multi-TE average in 36 s) up to 0.4 mm isotropic (2 single-TE averages
in approximately 6 min) with whole-head coverage.
Results: Only 1-4 averages are needed for sufficient SNR with 3D-EPI, depend-
ing on resolution and field strength. Fast scanning and small voxels together
with retrospective corrections result in substantially reduced image artifacts,
which improves susceptibility and R∗2 mapping. Additionally, much finer details
are obtained in susceptibility-weighted image projections through significantly
reduced partial voluming.
Conclusion: Using interleaved multishot 3D-EPI, single-TE and multi-TE data
can readily be acquired 10 times faster than with conventional, accelerated GRE
imaging. Even 0.4 mm isotropic whole-head QSM within 6 min becomes feasible
at 7T. At 3T, motion-robust 0.8 mm isotropic whole-brain QSM and R∗2 map-
ping with no apparent distortion in less than 7 min becomes clinically feasible.
Stronger gradient systems may allow for even higher effective acceleration rates
through larger EPI factors while maintaining optimal contrast.
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1 INTRODUCTION

Quantitative susceptibility mapping (QSM) and mapping
of the effective transverse relaxation rate (R∗2 = 1∕T∗2) pro-
vide valuable quantitative information about biological
tissue in vivo. For instance, voxel-wise information on
magnetic susceptibility, 𝜒 , and R∗2 allows drawing spatially
resolved conclusions on deep gray matter iron content1,2

and white matter myelination.3 Using 𝜒 and R∗2 together
even allows separating the two sources on a subvoxel
level.4–6

Magnitude and phase MR images for R∗2 mapping and
QSM are usually acquired using volumetric (3D) spoiled
gradient echo (GRE) imaging. Often, relatively short rep-
etition times (TR ≪ T2) are combined with low flip angle
excitations to maximize signal for the longitudinal relax-
ation time (T1) of a specific tissue. Within each TR, a
different phase-encoded k-space line is acquired using a
frequency-encoding gradient pulse.

For optimal R∗2 and susceptibility contrast, the echo
time (TE) should be on the order of the average tissue
T∗2. For R∗2 mapping, a reasonable range of short-to-long
TEs should be sampled. Both result in rather long TR
and, depending on the desired voxel size, can lead to very
long acquisition times (TA) and related artifacts (motion,
field fluctuations, etc.), even with state-of-the-art imag-
ing acceleration supported by most scanner vendors (e.g.,
SENSE,7 GRAPPA8 or CAIPIRINHA9). Otherwise, typi-
cal compromises to shorten TA include anisotropic vox-
els, reduced slab coverage in slice direction or the use of
shorter, but suboptimal TE and TR.

Previous work has used echo planar imaging (EPI) to
acquire GRE data more efficiently for rapid QSM (e.g.,
2D-EPI,10 3D-EPI,11,12 or 3D planes-on-a-paddlewheel13).
Such approaches, however, did not consider multishot
segmentation or relied only on single-TE acquisitions, pre-
venting high-resolutions and multi-TE QSM or R∗2 map-
ping. On the other hand, interleaved multishot 3D-EPI
has already been utilized successfully for high-resolution
T∗2- and susceptibility-weighted imaging as well as mul-
tiparametric mapping, including R∗2 mapping, at 3T and
7T.14–16 Such approaches combined with QSM have vast
neuroscientific potential (e.g., Reference 17).

In this work, we first determine the signal-to-noise
ratio (SNR) efficiency benefit of segmented 3D-EPI
using longer TRs over typical 3D-GRE.15 We then show
that combining R-fold CAIPIRINHA undersampling
with an EPI factor N > 1 allows for significant imaging
acceleration (up to N × R-fold) using vendor-provided
image reconstruction. This makes simple, retrospec-
tive image-based corrections (e.g., for motion) between
repeated measurements feasible that improve the

final average magnitude and phase substantially, thus
paving the way to routine T∗2-weighted imaging at
ultra-high isotropic resolutions. We demonstrate partic-
ularly efficient whole-head QSM and R∗2 mapping using
single-TE and multi-TE interleaved multi-shot 3D-EPI
at 7T and 3T with isotropic resolutions as high as 400
microns.

2 THEORY

2.1 SNR efficiency of gradient echo
imaging

In Appendix A it is shown that steady-state GRE imag-
ing (of a monoexponential free induction decay) is most
SNR-efficient, when the Ernst angle is used and the
signal is sampled throughout a particularly long TR
(Equation A5):

TRopt ≈ 1.256T∗2 + 𝛿0 + 𝛿1.

Here, 𝛿0 and 𝛿1 denote void times before and after signal
sampling, respectively (see Figure A1A,B,D). A long TR is
beneficial for acquisitions with rather long TE as required
for optimal T∗2- and susceptibility-weighting. If signal
acquisition is split throughout the TR (e.g., multi-echo
GRE or EPI, see Figure A1A,C,E), the SNR-optimal TR
becomes even longer, according to Appendix B. In both
cases, however, SNR efficiency drops relatively quickly,
when shorter TRs are used (see Figure 1).

While there are different ways to implement single-
or multi-echo 3D-GRE with long TR in practice, a single
phase-encoding step per TR and TE typically results in
long TA.

However, when using multishot 3D-EPI, TA reduces
by the EPI factor, a.k.a. echo train length, N. While SNR
is approximately reduced by 1∕

√
N compared to an equiv-

alent single-TE GRE (approximately N-fold increased
frequency-encode bandwidth), SNR efficiency is still as
high. This means that approximately the same SNR can be
regained by acquiring and averaging N (complex-valued)
images in the same TA.

Depending on the application, the SNR of M < N
averages may already suffice and TA would be only a
fraction M∕N compared to the TR-matched 3D-GRE. If
the 3D-GRE uses a much shorter TR than TRopt, suffi-
cient SNR can even be gained in much shorter TA using
3D-EPI with TR ≈ TRopt. For this strategy, it typically
makes sense to chose N as large as possible, that is, max-
imize frequency-encode bandwidth (minimize echo spac-
ing, ESP) and chose the largest EPI factor that fits into TR
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F I G U R E 1 Signal-to-noise ratio (SNR) (top) and SNR
efficiency (bottom) of spoiled GRE as a function of repetition time
(TR) for different flip angles (solid lines) and the Ernst angle
(𝛼E(TR)) assuming T1 = 2.0 s and T∗2 = 30 ms. Bottom:
approximated efficiency curves and peaks for a single FID (dotted)
and the extremal cases of the multi(N)-echo model (dashed: N → 1,
dash-dotted: N → ∞). All curves are only defined for TR > 4 ms
(the sequence void time assumed here, e.g. for phase-encoding).
The multi-echo model assumes that a fraction of the overall
sampling window (here: 20%) is not sampled.

while meeting TE at the k-space center line (see single-TE
EPI experiments below).

2.2 Interleaved multishot 3D-EPI

Taking advantage of its high SNR efficiency, an inter-
leaved multishot 3D-EPI sequence with CAIPIRINHA
sampling9,18 is considered in this work for maximum
acceleration capabilities along the primary and secondary
phase-encode directions (y and z w.l.o.g.). Using moder-
ately high parallel imaging undersampling, Ry ⋅ Rz ≤ 6,
and a small number of averages, M, still quite high effec-
tive acceleration rates can be achieved using a large EPI
factor, N:

Reff = Ry ⋅ Rz ⋅ N∕M.

Susceptibility- and T∗2-induced artifacts along the
frequency-encode direction (x, w.l.o.g.) are negligible as

very high bandwidths are typically used. The interleaved
EPI readout results in a steady, but lower bandwidth along
y. Still, with high segmentation (S), actual phase-encode
bandwidths,

BWy [Hz/mm] =
S ⋅ Ry

ESP [s] ⋅ FoVy [mm]
,

become close to the frequency-encode bandwidths of
typical GRE protocols (cf. Table 1). Here, FoVy refers to
the phase-encode field-of-view. Therefore, GRE-typical
geometric distortions and “T∗2 blurring” can be expected,
however along y.

Finally, by adding phase-encode rephasers regularly
between every few EPI echoes, a multi-TE EPI read-
out is implemented16 that trades multi-echo informa-
tion for TA, but still performs at comparable SNR effi-
ciency (see fast multi-TE experiment below). If suffi-
ciently short multi-TE EPI readouts cannot be realized
with a practical EPI factor, we utilize “jittered” TEs across
measurements (see high-resolution multi-TE experiments
below).

2.3 Retrospective corrections
and dual-polarity frequency-encoding

Unlike a single, long 3D-GRE acquisition, retrospec-
tive image-based corrections can be performed across M
rapid 3D-EPI acquisitions. For instance, coregistration
(inter-volume motion correction) can be performed before
averaging. Likewise, local phase changes over time (e.g.,
due to frequency drift or motion) can be matched before
averaging. If the phase encode polarity is changed for
at least one measurement, it is also possible to estimate
and correct geometric distortions along the phase-encode
direction before averaging.

Another option is to invert the EPI frequency-encode
polarity in every other scan (dual-polarity
frequency-encoding). When reordered, hypothetically,
two complete sets of cohesive, single-polarity k-space data
according to Figure 2C,D could be obtained from two EPI
measurements according to Figure 2A,B: one acquired
with only positive (red lines, C(k)) and one with only
negative frequency-encode polarity (blue lines, D(k)).
The two corresponding images, Ĉ(r) and D̂(r), would, for
instance, not suffer from Nyquist ghosts, even if acquired
with a systematic kx shift between positive and negative
lines. If navigator-based phase correction were already
performed, as in this work, the residual phase discrep-
ancy would become negligible: The k-space data could
be averaged to yield a high-SNR image without Nyquist
ghosts.

 15222594, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30216 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [27/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



STIRNBERG et al. 2297

F I G U R E 2 Echo time (TE ∼ phase
error) vs. kx × ky for original dual-polarity
acquisition (A,B) and hypothetical
reordering (C,D) of interleaved multi-shot
echo planar imaging with echo time shifting
(S = 4, N = 5, dashed: first interleave,
red/blue: pos./neg. frequency-encoding
polarity). Mitigated Nyquist ghosts (E) and
segmentation artifacts (F) after
dual-polarity averaging of images according
to (A,B). Spherical phantom intensities
scaled by a factor of 10 show low-intensity
Nyquist ghosts before averaging (E, 3T, no
segmentation, standard reconstruction).
Magnified insets in (F) show complementary
segmentation artifacts before averaging and
a reduced, homogeneous dropout area after
averaging (7T, N = 12, S = 9, 3 × 2z1,
“IcePAT” reconstruction). x:
frequency-encode, y: phase-encode.

2.3.1 Mitigation of segmentation artifacts

More importantly, in this work, we propose dual-polarity
frequency-encoding to mitigate off-resonance-induced
segmentation artifacts in interleaved multi-shot EPI, as
demonstrated in Figure 2F and as shown by numeri-
cal simulations in Figure S1-2 for varying EPI factors.
These are caused by a polarity-dependent kx phase tilt,
rather than systematic kx shifts (e.g., due to eddy cur-
rents). While echo time shifting (ETS)19 is already imple-
mented for a smooth, linear TE evolution along ky at
kx = 0, phase jumps still remain between echo sections
(contiguous red and blue sections in Figure 2A,B) for all
kx ≠ 0. The two hypothetical images Ĉ(r) and D̂(r), on
the other hand, would be free of segmentation artifacts.

An off-resonant voxel would only be displaced in oppo-
site directions along x according to the kx phase tilt. With
large frequency-encode bandwidths, as used in EPI, the
displacements are usually well below the nominal voxel
size for typical off-resonance frequencies in the brain.
Consequently, averaging the two reordered k-space sets
would yield an image free of segmentation artifacts. Blur-
ring along x would occur only where voxels are extremely
off-resonant (cf. Figure S1).

2.3.2 Dual-polarity averaging

As the Fourier transform between k-space and image space
(−1) is linear, Nyquist ghosts and segmentation artifacts
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can be mitigated as described without the need to reorder
positive and negative frequency-encode lines of the origi-
nal k-space data A(k) and B(k) according to Figure 2A,B:

1
2
[Ĉ(r) + D̂(r)] = 1

2
[

−1{C(k)} + −1{D(k)}

]

= 1
2

−1{C(k) + D(k)}

= 1
2

−1{A(k) + B(k)} .

Averaging can furthermore be performed in the image
domain instead of the k-space domain:

1
2

−1{A(k) + B(k)} = 1

2
[

−1{A(k)} + −1{B(k)}

]

= 1
2
[Â(r) + B̂(r)] .

From two complex-valued dual-polarity images Â(r)
and B̂(r) with residual Nyquist ghosts and segmentation
artifacts, one dual-polarity average (DPA) image with elim-
inated Nyquist ghosts and mitigated segmentation artifacts
is obtained, as demonstrated in Figure 2E,F.

3 METHODS

3.1 Experiments

A custom skipped-CAIPI 3D-EPI (SC-EPI) sequence18

that optionally inverts the frequency-encode polarity
in every other measurement, was implemented at 7T
(Siemens Healthineers, MAGNETOM 7TPlus) and at 3T
(MAGNETOM Prisma). Both scanners are equipped with
a high-performance gradient system (70 mT/m, 200 T/m/s
at 7T; 80 mT/m, 200 T/m/s at 3T). At 7T, a 32-channel
head receive coil surrounded by a single-channel
(circular-polarized) transmit coil was used. At 3T, the
52 head elements of a 64-channel head-neck receive coil
were used. Image reconstruction was performed using the
vendor-based implementation (“IcePAT”) that applies 3D
GRAPPA kernels and a prescan-based, virtual reference
coil combination.20 Unless stated otherwise, “EPI” refers
to 3D-EPI and “GRE” refers to 3D-GRE in the remainder
of this work.

At 7T, GRE protocols based on the recent multicen-
ter, multivendor UK7T reproducibility study21 were set
up as listed below. All 7T scans were performed in sagit-
tal slice orientation (x: head-feet, y: posterior-anterior)
using nonselective narrow bandwidth RF pulses to sup-
press fat signal.22 The vendor-provided 3D-GRE sequence
was adapted to use the same image reconstruction as the
SC-EPI. However, in accordance with the UK7T protocols
for the Siemens MAGNETOM Terra 7T scanner,23 all GRE

scans used a zero CAIPIRINHA shift and “integrated”
GRAPPA autocalibration scans (ACS). Flow compensation
(along x and z) was only active for the single-TE GRE. The
multi-TE GRE used a monopolar readout.

All EPI scans used fast initial FLASH ACS24 and
no flow compensation. The 0.7 mm single-TE EPI used
integrated phase navigators for shot-by-shot phase cor-
rection, whereas all other EPI protocols used a one-time
initial phase navigator for more efficient but static phase
correction.18

The x × y field-of-view (FoV) was 224 mm× 224 mm for
all scans, except for the UK7T-based multi-TE GRE (269
mm× 219 mm) and the high-resolution single-TE EPI (205
mm × 205 mm). The nominal flip angle was 15◦ for all 7T
scans, except for the high-resolution multi-TE EPI (18◦) to
account a substantially longer TR. Only the latter used a
phase partial Fourier (PF) factor of 6/8 and both blip-up
(↑) and blip-down (↓) phase-encoding. Further protocol
details are summarized in Table 1.

As small EPI factors (N ≤ 8) tend to result in minor
segmentation artifacts (Figure S2) and residual Nyquist
ghosts seem negligible using “IcePAT” reconstruction, the
7T multi-echo EPI protocols (N = 5, 6) were performed
with a single frequency-encode polarity for maximal accel-
eration. All scans were acquired with written informed
consent from three subjects (I, II, and III) in accordance
with the local ethics regulations. The following use cases
of whole-head SC-EPI are examined and compared to the
UK7T-based GRE protocols:

1. Faster QSM and R∗2 mapping at 7T:
a. Single-TE at 0.7 mm isotropic resolution
b. Multi-TE at 1.4 mm isotropic resolution

2. Higher-resolution QSM and R∗2 mapping at 7T:
a. Single-TE at 0.4 mm isotropic resolution
b. Multi-TE at 0.7 mm isotropic resolution

3. High-resolution QSM and R∗2 mapping at 3T:
Multi-TE at 0.8 mm isotropic resolution

Experiments 1a and 1b provide ten times shorter acqui-
sition times than the UK7T-based GRE protocols. For
brevity, we refer to them as “fast” in the following. Experi-
ments 2a and 2b provide 1/5 and 1/8 of the respective voxel
volumes, while still being twice as fast. For brevity, we refer
to them as “high-res.” in the following.

Experiment 3 transfers the 7T high-resolution
multi-TE EPI protocol to 3T for routine application in
the Rhineland Study—a long-term, large-scale study in
the general population25 (https://www.rheinland-studie
.de/en/). Unlike the 7T SC-EPIs, single-oblique axial
slices (x: left-right, y: anterior-posterior) were acquired
using slab-selective, binomial-121 water excitation with
20◦ nominal flip angle. A 216 mm × 216 mm x × y FoV
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T A B L E 1 Protocol parameters and preprocessing according to Figure 3.

Single-TE experiments Multi-TE experiments

GRE Fast EPI High-resolution EPI GRE Fast EPI High-resolution EPI 3T EPI

Subject I I I II II II III

Iso. voxel [mm] 0.7 0.7 0.4 1.4 1.4 0.7 0.8

Slices 224 240 420 120 120 240 176

Measurements 1 1-2a,b 1-2a,b 1 1b 1-2b / 3-4c 1-4a,b / 5-8a,c

TE [ms] 19 19 19 [4, 9, 14, 19, 24, 29, 34, 39] [5.5, 14.5, 23.5, 32.5]d [7.4, 17.2, 27.0]d

[10.0, 19.0, 28.0, 37.0]e [12.3, 22.1, 31.9]e

TR [ms] 31 31 40 43 44 47 51.1

Parallel imaging 4 × 1 3 × 2z1 1 × 3z1 4 × 1 3 × 2z1 3 × 2z1 3 × 2z1

Seg/EPI f. (S∕N) — 9/12 31/17 — 11/5 14/6 10/ 7

Eff. acc. (Reff) 2.9f 36 25.5 2.3f 30 9 5.25

Phase PF — — — — — 6/8 6/8

BWx [Hz/mm] 100 1594 1630 260 1489 1489 1361

BWy [Hz/mm] — 75 82 — 194 146 116

TRvol [min:s] — 0:33 3:02 — 0:29 1:19 0:45

TA [min:s] 12:38 1:15g 6:14g 5:58 0:36g 5:32h 6:22h

Preprocessing — A→C→E A→C→E — — A→B→C→D→E A→B→C→D→E

aDual-polarity frequency-encoding measurements.
bUsing blip-up phase-encoding.
cUsing blip-down phase-encoding.
d“Jittered” TE set in odd-numbered measurements.
e“Jittered” TE set in even-numbered measurements.
fReff is reduced through integrated ACS acquisition.
gTA includes one initial FLASH ACS (one for all blip-up and one for all blip-down measurements).
hTA includes two initial FLASH ACS (one for all blip-up and one for all blip-down measurements).

is used. A 150-mm thick saturation slab, positioned
below and parallel to the imaging slab and applied before
each excitation, suppressed in-flowing blood signal. At
3T, both dual-polarity frequency-encoding and ↑ & ↓
phase-encoding were combined with two sets of “jittered”
TEs, yielding M = 8 measurements in total, each with a
TRvol = 45 s. Further parameters are listed in Table 1.

At 3T, subject III was asked to lie still during a first iter-
ation of all eight measurements and instructed to perform
one realistic and one exaggerated motion during a second
iteration of all eight measurements (see Figure S3). Realis-
tic head motion was induced by moving the legs at about 1
min into the scan (during measurement 2, 0:56–1:41 min).
For exaggerated head motion, subject III nodded slowly
with a large amplitude at about 5 min into the scan (during
measurement 7, 4:52–5:37 min).

3.2 Preprocessing

The entire processing in this work was performed ret-
rospectively based on DICOM magnitude and phase

images reconstructed “online” (using the vendor “IcePAT”
reconstruction). Only if a single SC-EPI image was
acquired per TE, no further preprocessing was performed
(fast multi-TE). Otherwise, an image-based preprocessing
pipeline was implemented using standard software (e.g.,
FSL26) and custom basic python code (e.g., “phase match-
ing” and “PF compensation”) as outlined in Figure 3.

The minimal pipeline in this work consisted of motion
correction (A, using the mcflirt and applyxfm4D meth-
ods implemented in FSL), and phase matching (C, see
below) before data averaging (E). In an extended pipeline,
the ↑ & ↓ phase-encoded images were used to estimate
and correct for susceptibility-induced geometric distor-
tions (B, using the topup and applytopup methods imple-
mented in FSL). If dual-polarity frequency-encoding was
applied, the final averaging step also corrected for residual
Nyquist ghosts and segmentation artifacts. If phase partial
Fourier sampling (PF) was combined with ↑ & ↓ phase-
encoding, final averaging also compensated for PF-related
blurring through appropriate k-space weighting (D, see
below).
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(B)

(C) (D)

(E)

(A)

F I G U R E 3 Preprocessing pipeline that
turns M complex-valued native SC-EPI
images into one complex-valued
high-signal-noise-ratio (SNR) image per echo
time (TE). The input images are
retrospectively corrected for motion (A),
geometric distortions (B) and phase changes
(C). Finally, complex-valued averaging (E) is
carried out to mitigate residual Nyquist
ghosts and segmentation artifacts (if
dual-polarity frequency-encoding was
applied) and/or to compensate for partial
Fourier (PF) blurring (D, if ↑ & ↓

phase-encoding was applied). Different
complex image data formats are represented
by line type.  and −1: Fast Fourier
transforms to k-space and back to image
space.

3.2.1 Phase matching

Local image phase changes over M repeated measure-
ments were accounted for by matching the low spatial
frequency contributions to the image phase with respect
to the first measurement. For single-TE, this was carried
out by subtracting a low-pass-filtered version of the phase
changes (computed via the Hermitean-inner-product fol-
lowed by a 2 × 2 × 2-voxel Gaussian kernel smoothing of
the real and imaginary images). For multi-TE data, the
actual frequency changes over measurements were esti-
mated as the changes of the phase difference between the
first two rephased TEs divided by the TE spacing. Numer-
ical integration of the low-pass-filtered frequency changes
across measurements, multiplied with the respective TEs
yielded consistent phase changes to be subtracted. For both
single-TE and multi-TE data, this phase matching strat-
egy keeps the high spatial frequency noise of the original

complex-valued images unaltered while the image phases
are aligned.

3.2.2 Partial Fourier compensation

When phase PF sampling is combined with ↑ & ↓
phase-encoding, the ↑ and ↓ data, each collected M∕2
times, are zero-filled at opposite k-space ends. Therefore,
actual data is acquired M∕2 times at each end and M times
in the overlapping k-space section. Here, the images did
not require individual PF reconstructions as compared to
Reference 27. Instead, they were averaged using appro-
priate k-space weights in the style of Reference 27. For
our data we found that smooth weights w↑(ky) and w↓(ky)
resulted in better retrospective PF compensation than
hard-coded weights (0, 0.5, 1) with sharp transitions. This
is primarily due to the tapering involved in the preceding,
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STIRNBERG et al. 2301

zero-filled PF reconstruction. We derived the weights from
the ↑ and ↓ k-space magnitudes themselves, following
temporary Fourier-transform of the images to k-space, as

w↑(ky) =
f↑(ky)

f↑(ky) + f↓(ky)
, w↓(ky) =

f↓(ky)
f↑(ky) + f↓(ky)

.

Herein, the high-SNR k-space magnitude functions
f↑∕↓ were obtained by root-sum-of-squares combination of
the actual k-space signals s↑∕↓ across all kx, kz, TE𝑗 and
repeated measurements (m),

f↑∕↓(ky) =
√∑

m

∑

𝑗

∑

kz

∑

kx

|s↑∕↓(kx, ky, kz,TE𝑗 ,m)|2.

The resulting PF compensation weights were therefore
consistent for all averages and TEs (examples shown in
Figure 3D).

3.2.3 Complex-valued nonlocal means
denoising

As a final, optional step, we applied a complex-valued
customization of a nonlocal means denoising algorithm.28

Here, the ANTsPy29 implementation was applied sepa-
rately on temporary high-pass-filtered real and imaginary
images obtained by first subtracting a Gaussian-smoothed
baseline phase (4 × 4 × 4-voxel kernel applied to
unwrapped phase) and then linearly mapping the cor-
responding real and imaginary values ∈ [−4096, 4096]
to positive values ∈ [0, 4096]. Air voxels were excluded
from denoising (first image magnitude quintile). After
mapping the denoised high-frequency images back to the
range [−4096, 4096], the smooth baseline phase, assumed
to have very little low-frequency noise, was added back to
the denoised complex data. In this work, denoising was
only applied to the 0.4 mm isotropic single-TE data at 7T
and to the 0.8 mm isotropic multi-TE data at 3T prior to
R∗2 fitting.

3.3 SWI, QSM, and R∗
2 mapping

As a purely magnitude-based multi-TE summary image,
the root-mean-squares combinations across TEs (RMS)
was computed and compared, where applicable.

Susceptibility-weighted images30 were computed from
the preprocessed magnitude and phase images consid-
ering all TEs using CLEAR-SWI31 (https://github.com
/korbinian90/CLEARSWI.jl). For all SWI data, minimum
intensity projections (MIP) across 5.6 mm axial slabs are
also presented in this work.

For QSM, the phase images for each measurement
and TE were unwrapped using a 3D best path algorithm32

divided by 2𝜋 ⋅ TE𝑗 [s] to obtain the Larmor frequency
variation in Hz. The latter were combined across TEs
for multi-TE data (TE𝑗 ≤ 19ms at 7T, all TE𝑗 at 3T).
Background field contributions were removed using
Variable-radius Sophisticated Harmonic Artifact Reduc-
tion for Phase data.33,34 Susceptibility mapping was per-
formed based on the Variable-radius Sophisticated Har-
monic Artifact Reduction for Phase data-processed fre-
quency maps using Homogeneity Enabled Incremental
Dipole Inversion (HEIDI).35 All susceptibility values were
referenced to the average susceptibility of brain tissue
within the FoV.36

R∗2 mapping was performed on all multi-TE magnitude
images using the NUMerical Algorithm for Real-time T∗2
mapping (NumART∗2)37 (https://github.com/korbinian90
/MriResearchTools.jl).

4 RESULTS

Figure 4 shows several views of the single-TE magnitude
data at 7T and corresponding SWIs and MIPs. The prepro-
cessing of both EPI scans consisted of motion correction
and phase matching between the two DPAs. The 0.4-mm
isotropic results are also shown after final complex-valued
nonlocal means denoising of the average. In comparison to
the GRE, the 0.7-mm EPI reveals less distinct signal voids
as indicated in the temporal cerebellar white matter, in
the posterior lobe of the cerebellum and above the sphe-
noidal sinus (magenta arrow). In addition, the GRE image
exhibits flow artifacts (e.g., cyan arrow) and the 0.7-mm
EPI images appear crisper as indicated, for instance, by
the more detailed depiction of white matter draining veins.
Exquisite details are captured by the 0.4-mm scan that are
even more pronounced after denoising.

Magnified views of the corresponding quantitative sus-
ceptibility maps are shown in Figure 5. Maps at 0.4-mm
isotropic resolution are additionally shown with denoising
prior to susceptibility mapping. Apart from more restric-
tive masking required for the GRE data (especially in
the cerebellum), the susceptibility maps of the GRE and
EPI data are nearly identical with additional fine details
at 0.4 mm.

Figure 6 shows unilateral axial views of the multi-TE
magnitude images at 7T and magnified views of the cor-
responding SWIs and MIPs. As the 1.4-mm EPI data
consisted of a single measurement, only the 0.7-mm EPI
data underwent preprocessing, which consisted of motion
correction, phase matching, and distortion correction
between the two ↑ & ↓ measurements per “jittered” TE.
The RMS images are near identical for the 1.4-mm EPI and
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F I G U R E 4 Whole-head sagittal views and magnified coronal views of the preprocessed magnitude images (top) at native resolution
from single-echo time (TE) experiments according to Table 1. Right: whole-head SWI of denoised 0.4-mm EPI. Bottom: magnified axial
minimum intensity projections (MIP) across 5.6 mm of the SWI images.

GRE. In addition to the preprocessed 0.7-mm RMS, the
corresponding 0.7-mm RMS using only ↑ phase-encoding
is shown (red frame). Yellow arrows point to small struc-
tures that, accordingly, demonstrate improved resolution
after complete preprocessing, including PF compensation.

Magnified views of the corresponding R∗2 maps and
quantitative susceptibility maps are shown in Figure 7.
The GRE susceptibility map shows artifacts in the cerebel-
lum (cyan arrows) and both GRE and EPI susceptibility
maps at 1.4-mm resolution show increased values in the
axial view above the sphenoidal sinus, just like the cor-
responding R∗2 maps (magenta arrows). With EPI, eight
times smaller cubic voxels (0.7 mm) could be collected in
about the same TA as the GRE (1.4 mm). The 0.7-mm data
resolves more details and reduces signal dropouts, signal
fluctuations and ultimately quantitative mapping errors
compared to the 1.4-mm GRE data.

Finally, Figure 8 shows unilateral axial views of the
3T multi-TE magnitude images, corresponding SWIs and
MIPs, resulting R∗2 and susceptibility maps for two itera-
tions of the 0.8mm EPI protocol. Figure S3B shows that
moderate motion artifacts were present in the raw images
of measurements 2 and 8 and substantial motion artifacts
in the raw images of measurement 7 of the second iter-
ation. Image data of measurement 7 was replaced by a

copy of measurement 5 data before further preprocessing,
which is equivalent to motion censoring in this context.
Preprocessing of the two iterations consisted of motion
correction, phase matching, and distortion correction
before averaging. For the three TEs acquired in mea-
surements 1, 3, 5, 7 of the second iteration, only partial
mitigation of segmentation artifacts can be achieved due
to motion-censoring of measurement 7. Still, results after
preprocessing are comparable to the minimal motion iter-
ation with complete mitigation, although slightly reduced
in SNR (see top two rows of Figure 8). The bottom row
shows average images and maps of the same data (after
motion censoring of measurement 7) without preprocess-
ing. Detail level and overall quality of the susceptibility
map without preprocessing is degraded. Notably, reduced
image magnitudes, in particular for long TEs with increas-
ing phase discrepancies between averages, result in a
substantial upwards bias of R∗2 across the whole brain.

5 DISCUSSION

5.1 Experimental data

The fast single-TE SC-EPI data was effectively
Ry ⋅ Rz ⋅ N∕M = 36-fold accelerated (each dual-polarity
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STIRNBERG et al. 2303

F I G U R E 5 Magnified views of the susceptibility maps at native resolution from single-TE experiments according to Table 1. The two
top rows show sagittal and coronal views of the pons, red nucleus, substancia nigra, cerebellum and dentate nucleus. The two bottom rows
show axial views of the striatum, the optic tract, the primary motor and somatosensory cortex. The right panel, showing whole-head views of
susceptibility obtained from 0.4-mm data after denoising, indicates the magnified areas.

measurement 72-fold) and thus about ten times faster
(1:15 min including external FLASH ACS24) than the
Ry = 4-fold undersampled, UK7T-based GRE reference
(12:38 min including time-consuming integrated ACS).
Magnitude images are even improved and susceptibility
maps are near identical. In addition to reduced artifacts
due to less intra-volume motion and field variations, no
flow artifacts are visible in the 0.7mm EPI magnitude
compared to the 0.7mm GRE magnitude. For 3D-GRE
imaging using partial flow compensation (only along x
and z according to the UK7T protocol reference), such
flow artifacts can be expected.38 On the other hand, seg-
mented EPI is known to exhibit a different type of flow
artifact,39 which was, however, not observed here.

The increased resolution of the 0.4-mm SC-EPI
resulted in less dropouts and showed even more

remarkable details compared to the 0.7mm SC-EPI, partic-
ularly of the convoluted structures of the cerebellar cortex.
The increased amount and length of the medullary veins
projected by the 0.4 mm susceptibility-weighted MIP also
demonstrates substantially reduced partial volume effects
by 1/5 of the original voxel volume. Finer details due to
increased resolution and reduced sensitivity to motion
with SC-EPI are also depicted in the resulting susceptibil-
ity maps of Figure 5. In particular, layers of the cortical
gray matter, deep gray matter structures, cerebral white
matter and even fine white matter tracts in the pons can
be delineated (see Video S1 for whole-head axial views).

Despite substantially increased resolution, much
shorter acquisition times per measurement (TRvol=3:02
min) could be achieved for the ultra-highly resolved
SC-EPI with 400 microns isotropic voxels compared to
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2304 STIRNBERG et al.

F I G U R E 6 Unilateral, axial views of all echo time (TE) magnitude images at native resolution from multi-TE experiments according to
Table 1. Top rows: one measurement each, bottom row: two averages per TE, preprocessed. TE = 19 ms is included in all sets (dotted frame).
Odd- and even-numbered measurements (interleaved sets of “jittered TEs”) are indicated by white and gray lines, respectively. Right
columns: magnified axial views of the RMS, SWI and corresponding 5.6mm MIP. Yellow arrows indicate improved resolution after
preprocessing compared to the ↑ only RMS (red frame), highlighted by the absolute difference image (cyan frame).

F I G U R E 7 Magnified sagittal, coronal and axial views of the 7T R∗2 maps and susceptibility maps from multi-echo time (TE)
experiments according to Table 1. Eight times smaller cubic voxels (0.7mm) in about the same acquisition times as the gradient echo (1.4
mm) reduce quantitative mapping errors in highly off-resonant areas (magenta arrows). The right panels, showing whole-head maps of the
0.7 mm EPI, indicate the magnified areas.

the 0.7mm GRE reference (TA= 12:38 min). For sufficient
SNR, only two averages were necessary (TA= 6:14 min),
still resulting in less than half of the TA of the 0.7mm
GRE. Figure S4 demonstrates that similar acquisitions are
feasible in TA= 5:33 min. A corresponding 400 microns
GRE with identical TR, parallel imaging and ACS would

be about N∕M = 8.5 times longer (approximately 46-52
minutes). According to Figure S4, still about 34 minutes
were needed (or only a 22.4-mm slab was covered within
the same TA), if the GRE TR was minimized.

A single 1.4-mm isotropic multi-TE SC-EPI mea-
surement yielded comparable data quality to the
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STIRNBERG et al. 2305

F I G U R E 8 Unilateral, axial views of the magnitude images for all echo times (TEs) of the 3T experiments (0.8mm isotropic, acquisition
time = 6:22) after complete preprocessing with minimal (top row, 4 averages per TE) and with severe head motion (middle row, 3/4 averages
per odd/even-numbered TE due to motion censoring of measurement 7; cf. Figure S3). Bottom row: same data averaged without
preprocessing (only linear phase differences in x direction removed). Odd- and even-numbered measurements (TEs) are indicated by white
and gray lines, respectively. Right columns: axial views of the SWI and MIP, R∗2 map (after denoising) and susceptibility map (without
denoising). Correction added after online publication 1 August 2024. The authors have updated Figure 8 to correct quality issues introduced
during the publication process.

corresponding multi-TE GRE reference in about one
tenth of the scan time, as demonstrated in Figure 6.
In approximately the same scan time as the 1.4-mm
multi-TE GRE (and only half of the scan time of the
0.7mm single-TE GRE), whole-head multi-TE SC-EPI data
at 0.7mm isotropic resolution with no apparent distortion
was obtained. Hereby, our implemented PF compensation
restored resolution that was originally compromised by
zero-filling in the individual measurement data. Over-
all, significantly smaller voxels and reduced motion and
field variation per measurement resulted in less signal
dropouts and reduced artifacts and allows to resolve much
finer details compared to the 1.4-mm resolution. Fur-
thermore, it translated to substantially improved R∗2 and
susceptibility maps as shown in Figure 7.

Similar conclusions can be drawn from the multi-TE
experiments performed at 3T, as demonstrated in Figure 8.
Due to particularly short acquisition times per measure-
ment (TRvol = 45 s), intra-volume motion sensitivity
was rather small. In the presence of severe head motion
(middle row), retrospective inter-volume motion cor-
rection and phase matching produced nearly similar
quality as with negligible, unintentional motion (top row).

Without preprocessing (bottom row), displacements and
predominantly motion-induced phase discrepancies
caused blurring, phase errors and severe magnitude reduc-
tion. In particular, R∗2 maps are substantially affected by
an upwards bias, if phase matching before averaging is
omitted. With all retrospective, image-based corrections
applied, however, clear SWIs, MIPs and quantitative maps
were obtained from the SC-EPI scans.

5.2 Proposed methods

The degrees of freedom through repeated measurements
may be used in various ways. Here, only pragmatic pro-
cessing was done, that was applicable retrospectively
on already reconstructed images using readily available
software.

In particular the 0.8-mm multi-TE SC-EPI data,
acquired at 3T over eight, already motion-insensitive mea-
surements of only 45 s duration each, benefited from ret-
rospective motion correction, distortion correction, phase
matching, partial Fourier compensation and mitigation of
(minimal) segmentation artifacts. In addition, motion cen-
soring was feasible. Together with the other retrospective
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2306 STIRNBERG et al.

corrections, the quality of the outcome was substantially
improved. This is particularly useful for study participants
with difficulties to lie still (see Figure 8). The four mea-
surements of 0.7-mm multi-TE SC-EPI data acquired at 7T
(1:19 min each) benefited from a similar pipeline (exclud-
ing mitigation of segmentation artfacts, see below). Even
the two single-TE SC-EPI measurements at 0.7 mm (33
s each) and 0.4-mm isotropic resolution (3:02 min each)
allowed for retrospective inter-volume motion correction
and phase matching in addition to mitigating segmen-
tation artifacts. Coregistration before averaging is par-
ticularly useful at isotropic resolutions as high as 400
microns.40 However, prospective intra-volume motion and
phase correction would be even more beneficial. A corre-
sponding GRE scan of about 30–50 min duration would
only be feasible with prospective motion correction.

In this work, GRE protocols based on the multivendor
UK7T study21 have been used as an established reference
at 7T. However, GRE sequences and protocols can be
optimized as well, for instance by implementing CAIPI
sampling, using external FLASH ACS, oblique axial slice
orientation, or bipolar multi-echo frequency-encoding
with phase correction.41 Either way, neither a single-echo
GRE nor a single-echo EPI sampling window should
be longer than tissue T∗2 to minimize blurring.15 The
efficiency-optimal TRopt > T∗2 should therefore not be
exceeded, despite the slow decline of SNR efficiency for
TR > TRopt (Figure 1). Multi-TE images (small EPI fac-
tors) with TEs up to 40ms or longer, on the other hand,
could be acquired particularly efficiently without suffer-
ing from such T∗2 blurring. Still, only TEs < 32 ms were
used at 3T in this work to meet the strict TA < 7 min
requirement of the Rhineland study.

5.3 Related methods

Recently proposed echo planar k-t-space sampling
techniques42–44 benefit from increased SNR efficiency
using TR > T∗2 as well. While multi-TE EPI and echo
planar time-resolved imaging (EPTI),42 for instance,
share some features, they differ particularly in the
ky-t-space subsampling (cf. Fig. 1B,E in Reference 42).
This allows EPTI to apply sophisticated reconstruction of
distortion-minimized images at high TE-resolution (and
more complex signal-time-dependencies44). Nevertheless,
by sampling the ky-t space along very steep trajectories, the
highly-segmented multi-TE experiments of this work pro-
vided images with comparable TE-resolution (4.5–5 ms)
within comparable TA (comparable number of required
shots)42 using standard image reconstruction.

The proposed DPA technique has a lot in common
with previously proposed Nyquist ghost correction

or related methods.45–47 Dual-polarity GRAPPA,48 for
instance, uses dual-polarity calibration scans to optimize
GRAPPA kernels for k-space lines that are systemati-
cally shifted against each other. Our main objective was
the mitigation of off-resonance-induced segmentation
artifacts caused by k-space phase jumps that occur even
without system imperfections. Only coincidentally, vari-
ous polarity-dependent image phase artifacts (e.g., eddy
currents-induced) are reduced as well through plain
cancelation, albeit at the cost of doubled scan time. Nev-
ertheless, future applications may benefit additionally
from methods like dual-polarity GRAPPA, for example,
to reduce polarity-dependent artifacts after incomplete
cancelation (cf. 3T motion experiment).

We found that interleaved multishot EPIs with only
few echo sections (e.g. N = 5–7 for the multi-TE experi-
ments) generally do not seem to suffer as severely from
off-resonance-induced segmentation artifacts as EPIs
with larger N, which makes DPA optional (cf. Figures S2
and S5). This might be due to fewer off-resonance phase
jumps that are further apart in k-space compared to an
intermediate number of echo sections (e.g., 12 or 17 in the
single-TE experiments). Corresponding image artifacts
are more localized (see Figure S2) and less pronounced
as less phase is accumulated over shorter EPI readouts
(smaller phase error tilt19).

In our high-resolution multi-TE scans, we used
reversed phase-encoding in repeated measurements. This
allowed us to compensate for PF-related resolution loss
and to correct for susceptibility-induced geometric dis-
tortions in addition to inter-volume motion and phase
changes. However, only small PF-related resolution loss
and geometric distortions were observed in our highly seg-
mented images (see magnified RMS comparison to ↑ only
RMS in Figure 6). The same applies to the 3T protocol.
Upon distortion correction, no geometric mismatch with
a conventional T1-weighted anatomical scan was visible
(see Figure S6).

The reversed phase-encoding approach is closely
related to the 3D blip-up/blip-down acquisition (BUDA)
that has recently been utilized successfully for QSM49

and R∗2 mapping.50 BUDA can potentially take even more
advantage of the scanning speed by acquiring comple-
mentary sampling patterns per blip-up and blip-down
shot. Compared to BUDA applications proposed thus far,
this work relies on moderate parallel imaging undersam-
pling for both phase-encode directions and rather small
distortions at much higher spatial resolutions, as facili-
tated through strong interleaved multishot segmentation.
Still, future applications could also benefit from advanced
BUDA acquisition and image reconstruction.

Importantly, the image-based, retrospective correction
strategy followed here makes the proposed acquisition
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STIRNBERG et al. 2307

and correction approach very accessible. The use of
CAIPIRINHA sampling is not even mandatory with
reduced undersampling,14,15 and therefore, it is even
compatible with more basic image reconstruction.
Figures S7A-C demonstrate consistent and high-quality
results using the methods of this work. Note that the
complex-valued denoising step is generally considered
optional and the user should be aware that subtle struc-
tures may get blurred (see Figure S7A). Even without
retrospective corrections, averaging or denoising, 1 mm
isotropic or anisotropic SWI or R∗2 mapping well below 1
min scan time could be performed in clinical settings. In
research settings, more elaborate methods or improved
hardware, including parallel transmission flip angle
homogenization51 or more powerful imaging gradient sys-
tems,52 can be used in addition or alternatively without
diminishing our main findings.

6 CONCLUSIONS

Interleaved multishot 3D-EPI is highly SNR-efficient and
well suited for high-resolution single-TE and multi-TE
gradient echo imaging at high and ultra-high fields.
Single scans are acquired rapidly, making them rela-
tively motion-insensitive and providing many degrees of
freedom to further increase robustness against experi-
mental imperfections over repeated short measurements.
Therefore, interleaved multishot 3D-EPI, with or with-
out CAIPIRINHA sampling, readily allows for rapid and
robust QSM and R∗2 mapping at 7 and 3T.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Numerical phantom simulations of
dual-polarity frequency-encoding for increasing
off-resonance frequencies, Δf (96 phase-encode lines,
segmentation factor S = 8, EPI factor = echo sections
N = 96∕S = 12). Segmentation artifacts are clearly visible
in the individual dual-polarity images (+ and -) for 440Hz
and 880Hz off-resonance frequencies that are mitigated
through dual-polarity averaging. Additional, massive
off-resonance aliasing without echo time shifting (w/o
ETS) does not disappear through dual-polarity averaging
(not shown).
Figure S2. Numerical phantom simulations of
dual-polarity averaging (with ETS) in accordance to
Figure S1 for varying segmentation (S) and EPI factors
(N) while maintaining TE = 19ms in the k-space center
(note the decreasing TE range with decreasing N). For
simplicity, only the resulting magnitude images for both
polarity acquisitions and the dual-polarity average are
shown. Note: the two right-most circles approximately
represent the largest realistic proton frequencies at 3T
and 7T close to the chemical shift of fat. As EPI factors
(number of echo sections) get smaller (N ≤ 8), artifacts in
the individual polarity images become negligible for more
typical off-resonance frequencies when compared to the
dual-polarity average.
Figure S3. Axial SC-EPI magnitude views with “jitter-
erd” multi-TE measurements of two iterations of the 3T
Rhineland Study QSM/R∗2 protocol. The EPI trajectories
displayed to the left of each rephased multi-TE set indi-
cate the respective frequency (kx) and phase-encode (ky)
polarity. The first protocol iteration (A) has been acquired
without substantial head motion. During the second iter-
ation (B), the subject was instructed to reposition the
legs once (implying realistic motion) and to nod with the
head once strongly (exaggerated motion). Measurements
2 (orange frame) and 7 (red frame) were affected, respec-
tively. Apart from additional, involuntary motion artifacts
in measurement 8 (orange frame), all other scans were
found normal.
Figure S4. Alternative 400 microns isotropic scans at
7T, each with TE=19 ms using 3-fold parallel imag-
ing undersampling (from top to bottom): the vendor
3D-GRE sequence with non-selective excitation, head-feet
frequency-encoding (BWx=175 Hz/mm) and minimized
TR=29 ms (approx. 34 min TA); the vendor 3D-GRE

sequence with slab-selective excitation (22.4 mm + 14.3%
slice oversampling) and frequency-encoding (BWx=200
Hz/mm) along a reduced left-right FoV (166 mm) and min-
imized TR = 30 ms (approx. 5.5 min TA); the proposed
3D-EPI sequence with non-selective excitation, head-feet
frequency-encoding (BWx = 1630 Hz/mm), minimized TR
and dual-polarity averaging (approx. 5.5 min TA). Com-
pared to the 400 microns protocol discussed in the main
text, the following changes have been made to scan even
more efficiently: S = 30 (BWy = 81 Hz/mm), TR = 40
ms, 414 slices. Note substantially reduced artifacts related
to motion and B0 changes compared to the whole-brain
vendor 3D-GRE protocol.
Figure S5. Raw images vs. average images demonstrate
mitigation of off-resonance-induced segmentation arti-
facts in all dual-polarity SC-EPI scans at 7T using medium
large EPI factors (rows 1-2), and negligible segmenta-
tion artifacts in multi-TE scans at 7T (rows 3-4) and 3T
(row 5) using small EPI factors. Slices that should show
most prominent off-resonance artifacts were selected.
Yet, clear segmentation artifacts are only visible in rows
1-2 (stripe patterns, framed yellow and magnified). The
fourth column additionally shows the shortest TE of all
multi-TE images as a guidance to distinguish reduced
signal-dropouts from other off-resonance artifacts.
Figure S6. SC-EPI average magnitude images at the short-
est TE compared to a conventional T1-weighted anatomi-
cal image (T1w, native isotropic resolution: 1mm in rows
1-2, 0.8mm in rows 3-5). Gray/white matter boundaries
were derived from the T1w by thresholding after coreg-
istration (mutual information) and interpolation (sinc) to
the SC-EPI. The SC-EPIs of rows 1-3 did not undergo
geometric distortion correction. Yet, minor geometric mis-
match to T1w is only apparent in the magnified views of
row 2 and 3 (third column).
Figure S7. Approximate reproduction of paper Figures 4,
6 and 8 using three different subjects to demonstrate con-
sistent results with the proposed methods (same subject in
A and B; two different Rhineland study participants in C:
one with minimal and one with substantial motion, how-
ever not requiring motion censoring). In (A), the more
time-efficient 400 microns protocol from Figure S4 has
been used. Additionally, it has been acquired three more
times to yield a four-fold high-SNR average using the pro-
posed minimal pipeline with 8 instead of 2 dual-polarity
averages. Not least due to the retrospective motion correc-
tion involved, a few additional fine structures can be appre-
ciated in the high-SNR average SWI minimum intensity
projection compared to the denoised version of the single
average (cyan arrows). This demonstrates the limitations
of the optional, phase-preserving NLM denoising step.
Video S1. Axial views across the whole head at 400
microns isotropic. SWIs, MIPs (across 5.6 mm) and
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susceptibility maps are based on nonlocal means-denoised
SC-EPI data.

How to cite this article: Stirnberg R, Deistung A,
Reichenbach JR, Breteler MMB, Stöcker T. Rapid
submillimeter QSM and R2 mapping using
interleaved multishot 3D-EPI at 7 and 3 Tesla. Magn
Reson Med. 2024;92:2294-2311. doi:
10.1002/mrm.30216

APPENDIX A. SNR-EFFICIENT SAMPLING
OF A FREE-INDUCTION DECAY

Regardless of the GRE sequence type, sampling of a
single free-induction decay (FID) can be considered. The
SNR is proportional to the Fourier series DC coefficient
divided by the noise standard deviation.53

Figure A1A,B defines the sequence timing assumed
for the FID model. Over the sampling window, 𝜏(TR), the
steady-state signal S0 = S(t = 0,TR, 𝛼) shall be weighted
by a generic signal envelope, f (t). Assuming Gaussian
noise with a variance of 𝜎

2 yields the following SNR
equation:

SNR = c ⋅
1

𝜏(TR)
∫

TR−𝛿1
𝛿0

S0 ⋅ f (t)dt

𝜎

√
𝜏0

𝜏(TR)

= S0

𝜎
⋅ Qf (TR, 𝛿0, 𝛿1) .

(A1)

The receive bandwidth factor
√
𝜏0∕𝜏 scales the noise stan-

dard deviation (𝜏0: arbitrary normalization) and the global
factor c accounts for all other factors that scale the signal
magnitude. These factors are incorporated in the “qual-
ity factor”53 together with the cumulative signal over the
sampling window:

Qf (TR, 𝛿0, 𝛿1) =
c

√
𝜏(TR)𝜏0

∫

𝜏(TR)

0
f (𝛿0 + t)dt.

The quality factor of a monoexponential fFID(t) = e−tR∗2 is

QFID(TR, 𝛿0, 𝛿1) =
c ⋅ e−𝛿0R∗2

R∗2
√
𝜏0

⋅
1 − e−𝜏(TR)R∗2
√
𝜏(TR)

. (A2)

Substituting the steady-state signal using the Ernst angle,

S0 =
√

tanh
(

R1TR
2

)
≈
√

R1TR
2

, if R1TR
2

≪ 1, (A3)

into Equation (A1), the sampled FID SNR efficiency
becomes:

SNR(TR, 𝛿0, 𝛿1)
√

TR
≈ QFID(TR, 𝛿0, 𝛿1)

𝜎

√
2T1

. (A4)

Solving 𝜕QFID∕𝜕TR|TRopt = 0 yields

2(TRopt − 𝛿0 − 𝛿1)R∗2 = e(TRopt−𝛿0−𝛿1)R∗2 − 1,

which is satisfied by the efficiency-optimal TRopt

TRopt ≈ 1.256T∗2 + 𝛿0 + 𝛿1. (A5)

The peak efficiency is obtained by substituting QFID
according to Equation (A2) with TRopt into Equation (A4):

SNR(TRopt, 𝛿0, 𝛿1)
√

TRopt
≈ 0.451c

𝜎
√
𝜏0
⋅ e−𝛿0∕T∗2

√
T∗2
T1

(A6)

APPENDIX B. SNR-EFFICIENT SAMPLING
OF ME- GRE-TYPE SEQUENCES

If, according to Figure A1 C, we assume a fraction 0 ≤
�̇� ≤ 1 of the FID sampling window interspersed over a split
sampling window of reduced cumulative time, 𝜏N(TR) =
𝜏[1 − �̇�], instead of Equation (A2) one finds

QN(TR, 𝛿0, 𝛿1, �̇�,N)

= c
√
𝜏N(TR)𝜏0

⋅
N−1∑

n=0∫

𝜏(TR)
N
(n+1−�̇�)

𝜏(TR)
N

n
e−(𝛿0+t)R∗2 dt

= c ⋅ e−𝛿0R∗2

R∗2
√
𝜏N(TR)𝜏0

[
1 − e−

𝜏(TR)
N
[1−�̇�]R∗2

]N−1∑

n=0
e−𝜏(TR)R∗2

n
N

= c ⋅ e−𝛿0R∗2

R∗2
√
𝜏N(TR)𝜏0

[
1 − e−

𝜏(TR)
N
[1−�̇�]R∗2

]1 − e−𝜏(TR)R∗2

1 − e−
𝜏(TR)

N
R∗2

= QFID(TR, 𝛿0, 𝛿1)
√

1 − �̇�

⋅
1 − e−

𝜏(TR)
N

R∗2[1−�̇�]

1 − e−
𝜏(TR)

N
R∗2

,

which has the coherent special cases:

lim
�̇�→1

QN = 0

lim
�̇�→0

QN = QFID(TR, 𝛿0, 𝛿1)

lim
N→1

QN = e−�̇�𝛿0R∗2 QFID
(
TR[1 − �̇�], 𝛿0[1 − �̇�], 𝛿1[1 − �̇�]

)

lim
N→∞

QN =
√

1 − �̇� ⋅ QFID(TR, 𝛿0, 𝛿1).

 15222594, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30216 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [27/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



STIRNBERG et al. 2311

F I G U R E A1 Illustration of the sampling parameters assumed for signal-noise-ratio (SNR) efficiency calculations (A). Representative
frequency-encode pulse sequences for the contiguous FID model (B; e.g. GRE with flow compensated dephaser in 𝛿0) and for the split FID
sequence model (C; monopolar multi-TE GRE or multi-shot EPI with N = 5 echoes each). Right: One example TR of actual pulse sequence
simulations for the GRE (D) and EPI (E) single-TE experiment according to Table 1. ADC: analog-to-digital conversion of the sampled signal.

Corresponding limits apply to the SNR efficiency:

SNRN(TR, 𝛿0, 𝛿1, �̇�,N)
√

TR
≈ QN(TR, 𝛿0, 𝛿1, �̇�,N)

𝜎

√
2T1

.

The first two cases are trivial. The third case corresponds
to a single signal acquisition interval, just like the FID
model. However, the sampling window is shorter by �̇�𝜏∕N
(Figure A1B,C). The efficiency-optimal TRN→1 = (TRopt −
𝛿0 − 𝛿1)∕[1 − �̇�] + 𝛿0 + 𝛿1 is increased accordingly, but the
peak SNR efficiency is identical to the FID model.

The last case is the upper limit for many acquisition
intervals (e.g., single-shot EPI). The efficiency-optimal
TRN→∞ = TRopt is the same as for the FID. However, the
peak SNR efficiency is scaled down by

√
1 − �̇�.

Figure A1D,E depicts actual pulse sequence examples
for the FID model and the multi-echo model, respectively.
The examples correspond to the 0.7 mm single-TE GRE
and EPI protocols according to Table 1.
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