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contrast (F(1,528) > 4, p.,, < .05 for all subfields). The
strongest effects of contrast and interaction are seen
for CA1 (F(1,528) 101, pgr = 3e-21 for contrast,
F(1,528) = 20.5, p,,, = 3e-5 for the interaction) where the
laminar profiles in Figure 4B do not exhibit a peak at inner
layers as shown in Figure 3B but rather a maximum in
mid to outer layers. Importantly, this indicates that lami-
nar profiles depend on the exact task demands (i.e., con-
trasts) rather than reflecting unspecific differences of
apparent overall recruitment that may be confounded by
vascular (or other) factors.

In summary, these results show that we can obtain
consistent laminar fMRI responses from all subfields of
the human hippocampus using GRE-BOLD. Specifically,
the subiculum shows, on average, the strongest BOLD
activity in the memory > math condition, in line with
Leelaarporn et al. (2024). Furthermore, CA1 shows lami-
nar responses that differ strongly between contrasts and
are not explainable by a venous bias alone. These results
can serve as a benchmark for future laminar fMRI studies
of the human hippocampus at UHF.

3.2.1. Effects of venous masking

We were interested in whether using a mask of venous
vessels as obtained from the SWI image (see sec-
tion 3.1) would significantly reduce the venous bias in
high-resolution GRE-BOLD fMRI. Figure 5 displays the

difference between laminar profiles without and with
venous masking for both contrasts. To assess whether
venous masking has an effect on the laminar profiles,
we performed an LME analysis similar to that used in the
previous section (see section 2.2.4). For the mem-
ory > math contrast (Fig. 5A), LME analysis revealed a
significant main effect of masking only for the subiculum
(F(1,366) = 9.76, p.,, = .005). The effect is the strongest
at the inner surface as predicted by the hyperemia
experiment (Fig. 2H). In case of the pre > post contrast
(Fig. 5B), masking had a weak effect on CA2 (F(1,528) =
5.47, p.pg = -049). CA3 showed a significant interaction
between depth and masking (F(1,366) = 9.05, p.,, = .007)
but no main effect of masking (F(1,366) 4.36,
Pepg = -06).

In summary, these results indicate that vein masking
has a noticeable effect on the subiculum which is shown
to be most affected by the venous bias. Furthermore,
venous masking has a stronger effect during the mem-
ory > math contrast compared to the pre > post contrast.

3.3. MRI metrics

In addition to the laminar fMRI results, the experiments
performed in this study allowed us to obtain novel insights
into depth-dependent MRI metrics of the human hippo-
campus relevant for the design and evaluation of other
methods than GRE-BOLD.

Fig. 5. Effect of vein masking. (A) Difference in functional contrast (memory > math) when performing vein masking. Only
the subiculum shows a statistically significant effect of masking and the effect is the strongest at the inner surface where
the bias is the strongest (see Fig. 2H). (B) Same as in A but for pre > post. CA2 shows a weak effect of masking (p = .049),
and CA3 shows a significant interaction between depth and masking but no main effect of masking.
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By fitting a mono-exponential decay function to the multi-
echo data during normocapnia (sections 3.1, 2.1.3), we
were able to obtain baseline T,* relaxation times for each
subfield as a function of cortical depth. Figure 6A-D
shows the fitted T,* on the unfolded inner (Fig. 6A) and
outer (Fig. 6B) surface as well as on the folded outer sur-
face (Fig. 6C). Aggregating vertices results in the depth-
dependent plots shown in Figure 6D. Interestingly, the
subiculum exhibits a comparably short T,* relative to the
remaining subfields. This can be explained by a high
myelin content in the subiculum as noted with histology
(Ding & Van Hoesen, 2015).

The outer surface as shown in Figure 6B,C exhibits a
noteworthy area of long T," at the demarcation between
CA1 and CA2. One possible cause for this could be a
partial voluming effect with CSF in the proximity of the
hippocampus (cf. Supplementary Fig. S4).

3.3.2. tSNR

As a measure of overall signal stability, temporal SNR is
often reported. In this study, we obtained tSNR on the
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T

voxel-level (tSNR of two subjects scanned twice on differ-
ent days shown in Supplementary Fig. S8) and as a func-
tion of cortical depth by calculating the temporal mean
and standard deviation over volumes corresponding to
the control condition of the AM experiment. In Figure 6E-
G, the tSNR is shown as a projection on the unfolded inner
and outer hippocampal surface, as well as the folded
outer surface. Here, no masking for venous vessels was
performed. The same structure of long T,* is now seen as
high tSNR at the demarcation between CA1 and CA2,
resulting in an overall high tSNR at the outer surface of
CA1 as shown in Figure 6H. This result supports the notion
that partial voluming with CSF is the most likely cause.

Masking venous vessels (Fig. 6l-L) led to an overall
reduction in tSNR as the masking process also excluded
GM vertices which are partial voluming with veins. How-
ever, when averaging over vertices to obtain layer profiles
(Fig. 6L), the reduction in tSNR is negligible (i.e., compar-
ing Fig. 6H with 6L).

3.3.3. Physiological noise

An important question to answer is whether the noise in
the laminar profiles is dominated by physiological noise,
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Fig. 6. MRI metrics. T,* relaxation time obtained during the breath-hold experiment and projected onto the unfolded
hippocampal inner (A) and outer (B) surface. (C) Same as in (B) but shown on the folded hippocampal surface. The
structure of long T,* at the demarcation between CA1 an CA2 is likely due to partial voluming with CSF. (D) Laminar profiles
of T,* for all subfields. The subiculum exhibits a comparably short T, relative to the remaining subfields. (E-F) tSNR maps
obtained during the AM experiment without venous vessel masking projected onto the unfolded hippocampal surfaces. (G)
Same as in F but shown on the folded hippocampus. (H) Laminar profiles of tSNR. The high tSNR at the outer layer of CA1
can be explained by partial voluming with CSF. (I-J) Same plot as shown in E-H but for the case of venous vessel masking.
Although an overall reduction of tSNR is present, this reduction is negligible when averaging over vertices (L).
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that is, whether averaging does not further improve the
tSNR (Krtger & Glover, 2001). To investigate the laminar
noise characteristics, we performed a Weisskoff test for
each subfield (Weisskoff, 1996) (see section 2.2.3.2). Fig-
ure 7A-E shows the subject-averaged temporal noise as
a function of cortical depth and amount of averaged ver-
tices (v/N). For all subfields, the noise does not vary con-
siderably with averaging when approaching the maximum
number of available vertices. In particular, the physiolog-
ical noise regime is reached when approximately 2300,
5700, 1100, 1300, and 3400 vertices are averaged for the
subiculum and CA1-4, respectively. The number of verti-
ces is well below the total number of vertices available for
averaging (for both hemispheres together: 3324, 7139,
1401, 1979, and 4257 for the subiculum and CA1-4),
highlighting that in our current experimental setup, we
can safely assume to be in the physiological noise-
dominated regime.

The noise profiles in the physiological noise regime
(Fig. 7F) exhibit a subfield-specific laminar structure.
Koopmans et al. (2011) argued that the physiological
noise profiles follow the vascular density and hence give
estimates of blood volume (Guidi et al., 2020). We also
sampled an image of an India Ink stain (Supplementary

subiculum

CA1

Fig. S9C, adapted from Duvernoy et al., 2013), to com-
pare profiles of the vascular density with the obtained
physiological noise profiles. Results can be found in the
Supplementary Material (Supplementary Fig. S9).

4. DISCUSSION

In this study, we show that is it possible to image the
human hippocampus at a precision high enough to
robustly sample BOLD responses and other physiologi-
cal and MR-related parameters as a function of cortical
depth in each individual hippocampal subfield. Based on
our findings, we derive the following recommendations,
discussed in turn below:

1. Venous bias in high-resolution fMRI and signal
interpretation:

e GRE-BOLD signal changes in inner layers of
CA1 and subiculum should be interpreted with
caution as they may be amplified due to blood
draining from outer to inner layers, that is, the
signal change at inner layers of CA1 and subic-
ulum may stem from effects unrelated to the
experimental task.
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Fig. 7. Weisskoff test and physiological noise. (A-E) Subject-averaged temporal SD as a function of cortical depth and
the amount of averaged vertices for all subfields. When approaching the maximum number of available vertices, the noise
does not decrease considerably with averaging showing that the remaining patterns stem from physiological noise. (F)
Noise profiles in the physiological noise-dominated regime, that is, taking the profiles when all vertices were averaged

(colored lines in A-E).



V. Pfaffenrot, A. Bouyeure, C.A. Gomes et al.

Imaging Neuroscience, Volume 3, 2025

e For CA1: Compare experimental effects against
vascular bias baseline—strong effects different
from the here reported bias patterns may indi-
cate true neural activity.

For subiculum: Exercise particular caution in
interpreting inner layer activity due to strong
vascular bias.

Consider experimental designs which modulate
the strength of different hippocampal inputs
rather than contrasting ‘task’ vs ‘rest’ condition
to allow for additional control.

2. Reduction Attempts:

e Consider including a short, high-resolution SWI
scan to map large venous vessels for each
subject.

Use the map of venous vessels to reduce
venous bias, in particular for the subiculum.

°

3. Analysis Strategies:

e Account for the complex and variable anatomy
of hippocampal subfields in the analysis pipe-
lines by using manual segmentation of sub-
fields or highly reliable automatic segmentation
tools (e.g., HippUnfold).

Correct for physiological noise, especially when
imaging at ultra-high fields.

The results of the breath-hold experiment indicate
that among all subfields, the subiculum, closely fol-
lowed by CA1, has the strongest venous bias, blurring
activity toward inner layers (Fig. 2H). By mapping
venous vasculature (Fig. 2A-G), we could show that the
bias is driven by a heterogenous distribution of large
venous vessels across layers of the hippocampus. This
result was to be expected: The most-widely used GRE-
BOLD contrast exhibits a high sensitivity toward brain
activity-induced signal changes. However, its sensitivity
stems from magnetic field effects around small and
large venous vessels. While a sensitivity toward the
small vessels (i.e., capillaries) is desirable due to their
proximity to the neuronal source of activity, large venous
vessels drain blood out of the parenchyma and blur
local activity over a large spatial scale. In other words,
the GRE-BOLD contrast scales with vessel size (Ogawa
et al., 1993) and follows the underlying vascular archi-
tecture (Havlicek & Uludag, 2020; Uludag et al., 2009).
Considering hippocampus-specific features, a recent
study by Haast et al. (2024) additionally showed that
the subiculum is proximal to arterial macrovessels.
Therefore, we advise interpreting strong laminar fMRI
responses in inner layers of the subiculum, but also
CA1, with caution.
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The anatomical location of the hippocampus renders it
prone to artifacts associated with B -inhomogeneity.
Although the acquisition of phase stabilization echoes
strongly improved image quality and stability (Supple-
mentary Fig. S2), performing a breath-hold experiment
by itself inevitably amplifies B -inhomogeneity, especially
at longer TE. We tried to reduce these artifacts by down-
weighting longer echoes prior to echo averaging. In this
regard, attempts to reduce venous bias by performing a
breath-hold calibration scan at typical echo times when
using an EPI readout might be less successful in the hip-
pocampus compared to the neocortex (Cohen et al.,
2004; Eun et al., 2022).

By acquiring 3D-EPI images at 0.9 mm isotropic reso-
lution, we could obtain GRE-BOLD responses as a func-
tion of cortical depth during an autobiographical memory
paradigm (Figs. 3 and 4). Comparing these results with
those of the hyperemia experiment (Fig. 2), CA1 shows a
clearly different behavior than what would be predicted
by a venous bias alone. If the venous vasculature distri-
bution was the sole driver of these effects, a peak in St.
lacunosum-moleculare of CA1 would be expected in
both contrasts (dashed orange line in Figs. 3B and
Fig. 4B). However, this is not what we see. In the mem-
ory > math contrast (Fig. 3B), the activity increases from
outer to inner layers and peaks at the inner layer (around
the putative transition between St. pyramidale and St.
radiatum) before leveling off when approaching the most
inner layers, St. lacunosum-moleculare. This peak sug-
gests a predominant relevance of inputs via the trisynap-
tic pathway, that is, from CAS, rather than of direct EC
inputs during autobiographical memory retrieval. In the
pre > post contrast, the profiles of CA1 (Fig. 4B) show a
significantly different behavior compared to the mem-
ory > math contrast. Here, no difference between con-
struction and elaboration phase exists in the innermost
layers (putatively St. lacunosum-moleculare). Instead, the
contrast increases from inner to outer layers, suggesting
that trisynaptic path inputs from CA3 are more relevant
during memory construction than elaboration.

Laminar differences of hippocampal BOLD responses
may depend on multiple different factors, which should
be disentangled in the future, and the current results can
serve as a baseline the community can refer to. Some
factors to consider would be differences between the
laminar distribution of “inputs”, that is, synaptic inputs
(which may arrive at all layers) versus “outputs”, that is,
action potentials (which are generated perisomatically,
i.e., St. pyramidale) or differences between different types
of synaptic inputs (largely entorhinal inputs vs. perforant
path inputs). These could be tested via functional con-
nectivity analyses, for example, via PPl (Sharoh et al.,
2019). In addition, differences in laminar distribution of
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inhibitory interneurons might also play a role. The latter
could be tested pharmacologically by combining laminar
fMRI with an intervention such as application of benzodi-
azepines (which are GABA-A receptor agonists) or by
studying epilepsy patients with altered function in spe-
cific populations of interneurons.

Accompanying the laminar fMRI results (a supple-
mantary laminar fMRI analysis along the longitudinal axis
of the hippocampus can be found in Supplementary Fig-
ure S10), our study also provides insights into MRI and
physiological parameters at the mesoscale. Our T,* pro-
files are in line with previous reported T,* values obtained
at a lower spatial resolution at 7 T (Cho et al., 2010), and
the ability to obtain depth-dependent profiles adds a new
dimension to investigate MRI parameter differences
between healthy controls and patients (Cho et al., 2010).
From an fMRI acquisition perspective, our results can
help to guide researchers in selecting echo times optimal
for their specific study. In particular, Figure 6D shows that
a longer TE than used in this study would be theoretically
more optimal in terms of maximizing BOLD sensitivity.
However, the breath-hold results indicate what artifact
level can be expected at longer TE. Because we could
obtain robust BOLD responses at a TE of 22 ms, we
advise scanning at a shorter than theoretically optimal TE
to improve temporal efficiency and signal stability.

The obtained tSNR maps (Fig. 6, Supplementary
Fig. S8) and profiles indicate that we could obtain robust
laminar fMRI responses using 3D-EPI. Excluding vertices
shown to be likely co-located with veins reduced tSNR
but the effect masking has on the tSNR of aggregated
laminar profiles is negligible and it reduces signal changes
at surfaces known to be prone to venous bias (Fig. 5).
However, it must be noted that the measures to reduce
venous bias used in this study can only serve as a 1st-
order correction as the BOLD effect of large veins affects
all depths of the parenchyma (Bause et al., 2020;
Viessmann et al., 2019) and the convolutional effect of
draining veins (Markuerkiaga et al., 2016) cannot be
accounted for with masking. Hence, other fMRI contrasts
like SE-BOLD (Beckett et al., 2020) or non-BOLD alterna-
tives like VASO (Faes et al., 2023; Huber et al., 2014,
2024) are needed to be developed further to obtain lami-
nar fMRI responses with an as low as possible effect of
large vessels and our results can serve as a benchmark
to compare these contrasts to. Alternatively, other post-
processing methods like phase regression (Stanley et al.,
2021) could also be employed to reduce venous bias
although we were not able to reliably reduce effects of
large veins using phase regression, most likely due to dif-
ferences in SNR between the hippocampus and the neo-
cortex where this method has previously been used (data
not shown). In addition to the methods mentioned here,
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the design of the neuroscientific experiment can also
help to reduce effects of blood drainage (Olman et al.,
2012). In this study, we contrasted two phases that puta-
tively both involve the hippocampus (construction versus
elaboration phase). Alternatively, modulating the strength
of different hippocampal inputs, similar to work per-
formed in sensory areas (Lawrence et al., 2019), might be
a possibility to control the vascular bias in GRE-BOLD.

The noise curves in Figure 7 all reach a plateau, show-
ing that when aggregating over vertices, physiological
noise is the dominant noise source. This is in line with
previous studies (Koopmans et al., 2011; Markuerkiaga
et al., 2021), indicating that the effect of thermal noise
can be neglected. However, given the hippocampus’
susceptibility to signal fluctuations driven by physiology,
some measures of noise reduction need to be applied to
increase data reproducibility, especially in inferior brain
regions. We demonstrated this by assessing model resid-
uals before and after using acompCor (Supplementary
Fig. S5) showing that modeling physiological noise
sources in the GLM is advisable as it increases the mod-
el’s predictability. Future work could include a more sys-
tematic evaluation of acompCor and other methods, for
example, RETROICOR (Glover et al., 2000). Our own
attempts (Pfaffenrot et al., 2024) to compare acompCor
and RETROICOR show a superior performance of acom-
pCor, possibly due to a more robust estimation of physi-
ological noise sources when using acompCor.

In this study, we used the default canonical HRF from
SPM12. It has been shown that subcortical areas exhibit
different HRF nonlinearities compared to the neocortex
(Lewis et al., 2018) and that for the neocortex, the HRF is
not constant along the cortical depth (Dresbach et al.,
2023; Puckett et al., 2016) but exhibits a higher BOLD
response at superficial layers and a longer tail compared
to deep layers. In future work, a hippocampus- and
depth-specific HRF could be mapped analogous to the
study of Dresbach et al. (2023) to further characterize
the BOLD response of the human hippocampus along
the temporal dimension.

An estimate of the subject-averaged cortical thickness
for each subfield as shown in Supplementary Table ST1
indicates that while an isotropic spatial resolution of
0.9 mm is sufficient to separate signals from the inner
layers (i.e., St. lacunosum-moleculare) and outer layers
(i.e., St. pyramidale), resolving more depths without sig-
nificant partial voluming requires a higher spatial resolu-
tion. This, in turn, needs to be traded for temporal
resolution, spatial coverage, or SNR.

In conclusion, sampling BOLD responses as a function
of cortical depth makes investigation of the underlying
functional microcircuits of the human hippocampus possi-
ble, and has potential for non-invasively investigating the
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directionality of the projections to and from other brain
regions. Here, we present relevant insights on the vascular
bias of laminar fMRI of the human hippocampus which will
help the community to interpret hippocampal responses
when utilizing the most widely used fMRI contrast, GRE-
BOLD. Finally, the presented AM results and methods will
help researchers to test new hypotheses on a laminar level
and to validate other fMRI contrasts to improve the speci-
ficity of laminar fMRI of the human hippocampus.

DATA AND CODE AVAILABILITY

All processing and analysis code can be found in the
public Github repository (https://github.com/viktor
-pfaffenrot/hippocampus_laminarfMRI_code). Final sur-
face data can be downloaded from our online app
(https://viktor-pfaffenrot.shinyapps.io/hippocampus
_data_viewer/). Raw data can be obtained from one of
the corresponding authors on reasonable request.

AUTHOR CONTRIBUTIONS

V.P.: Conceptualization, Methodology, Software, Formal
analysis, Investigation, Writing—Original Draft, Writing—
Review & Editing, and Visualization. A.B.: Conceptualiza-
tion, Methodology, and Writing—Review & Editing.
C.A.G.: Software, Writing—Review & Editing. S.K.: Soft-
ware, Writing—Review & Editing. N.A.: Conceptualiza-
tion, Writing—Review & Editing, Supervision, and Funding
Acquisition. D.G.N.: Conceptualization, Writing—Review
& Editing, Supervision, and Funding Acquisition.

DECLARATION OF COMPETING INTEREST

None.

ACKNOWLEDGMENTS

The authors thank Roy Haast for his helpful comments
on hippocampal surface generation and for providing
code for the online app. The authors would also like to
thank the Khan Lab for their support in using hippun-
fold. The authors thank Rudiger Stirnberg and the team
at DZNE Bonn for providing the 3D-EPI sequence. The
research leading to these results has received funding
from MERCUR grant number Ko-2021-0010. The MAG-
NETOM Terra used in the study was funded by the Deut-
sche Forschungsgemeinschaft (DFG, German Research
Foundation), grant number 432647511. N.A. received
funding via ERC-CoG “GridRepresentations” (grant
number 864164) and via the DFG SFB 1280 “Extinction
Learning” (project number 316803389, subprojects F02
and A02).

18

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available with
the online version here: https://doi.org/10.1162/imag_a
_00532.

REFERENCES

Avants, B. B., Tustison, N. J., Song, G., Cook, P. A, Klein,
A., & Gee, J. C. (2011). A reproducible evaluation of ANTs
similarity metric performance in brain image registration.
Neurolmage, 54(3), 2033-2044. https://doi.org/10.1016
/J.NEUROIMAGE.2010.09.025

Avants, B. B., Tustison, N. J., Wu, J., Cook, P. A., & Gee,

J. C. (2011). An open source multivariate framework for
n-tissue segmentation with evaluation on public data.
Neuroinformatics, 9(4), 381-400. https://doi.org/10.1007
/S$12021-011-9109-Y

Barry, D. N., Clark, I. A., & Maguire, E. A. (2021). The
relationship between hippocampal subfield volumes and
autobiographical memory persistence. Hippocampus,
31(4), 362. https://doi.org/10.1002/HIPO.23293

Bartsch, T., Déhring, J., Rohr, A., Jansen, O., & Deuschl,

G. (2011). CA1 neurons in the human hippocampus are
critical for autobiographical memory, mental time travel,
and autonoetic consciousness. Proceedings of the
National Academy of Sciences of the United States of
America, 108(42), 17562-17567. https://doi.org/10.1073
/pnas.1110266108

Bause, J., Polimeni, J. R., Stelzer, J., In, M. H., Ehses,

P., Kraemer-Fernandez, P, Aghaeifar, A., Lacosse, E.,
Pohmann, R., & Scheffler, K. (2020). Impact of prospective
motion correction, distortion correction methods and
large vein bias on the spatial accuracy of cortical laminar
fMRI at 9.4 Tesla. Neurolmage, 208, 116434. https://doi
.org/10.1016/j.neuroimage.2019.116434

Beckett, A. J. S., Dadakova, T., Townsend, J., Huber, L.,
Park, S., & Feinberg, D. A. (2020). Comparison of BOLD
and CBV using 3D EPI and 3D GRASE for cortical layer
fMRI at 7T. Magnetic Resonance in Medicine, 84(6),
3128. https://doi.org/10.1002/MRM.28347

Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A
component based noise correction method (CompCor)
for BOLD and perfusion based fMRI. Neurolmage, 37(1),
90-101. https://doi.org/10.1016/j.neuroimage.2007.04.042

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false
discovery rate: A practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society:
Series B (Methodological), 57(1), 289-300. https://doi.org
/10.1111/J.2517-6161.1995.TB02031.X

Bonnici, H. M., Chadwick, M. J., & Maguire, E. A. (2013).
Representations of recent and remote autobiographical
memories in hippocampal subfields. Hippocampus,
23(10), 849-854. https://doi.org/10.1002/HIPO.22155

Boxerman, J. L., Hamberg, L. M., Rosen, B. R., &
Weisskoff, R. M. (1995). MR contrast due to intravascular
magnetic-susceptibility perturbations. Magnetic
Resonance in Medicine, 34(4), 555-566. https://doi.org
/10.1002/mrm.1910340412

Chadwick, M. J., Bonnici, H. M., & Maguire, E. A. (2014).
CABS size predicts the precision of memory recall.
Proceedings of the National Academy of Sciences of the
United States of America, 111(29), 10720-10725. https://
doi.org/10.1073/pnas. 1319641111

Cheng, S. (2013). The crisp theory of hippocampal function
in episodic memory. Frontiers in Neural Circuits, 7,
43297. https://doi.org/10.3389/fncir.2013.00088


https://github.com/viktor-pfaffenrot/hippocampus_laminarfMRI_code
https://github.com/viktor-pfaffenrot/hippocampus_laminarfMRI_code
https://viktor-pfaffenrot.shinyapps.io/hippocampus_data_viewer/
https://viktor-pfaffenrot.shinyapps.io/hippocampus_data_viewer/
https://doi.org/10.1162/imag_a_00532
https://doi.org/10.1162/imag_a_00532
https://doi.org/10.1016/J.NEUROIMAGE.2010.09.025
https://doi.org/10.1016/J.NEUROIMAGE.2010.09.025
https://doi.org/10.1007/S12021-011-9109-Y
https://doi.org/10.1007/S12021-011-9109-Y
https://doi.org/10.1002/HIPO.23293
https://doi.org/10.1073/pnas.1110266108
https://doi.org/10.1073/pnas.1110266108
https://doi.org/10.1016/j.neuroimage.2019.116434
https://doi.org/10.1016/j.neuroimage.2019.116434
https://doi.org/10.1002/MRM.28347
https://doi.org/10.1016/j.neuroimage.2007.04.042
https://doi.org/10.1111/J.2517-6161.1995.TB02031.X
https://doi.org/10.1111/J.2517-6161.1995.TB02031.X
https://doi.org/10.1002/HIPO.22155
https://doi.org/10.1002/mrm.1910340412
https://doi.org/10.1002/mrm.1910340412
https://doi.org/10.1073/pnas.1319641111
https://doi.org/10.1073/pnas.1319641111
https://doi.org/10.3389/fncir.2013.00088

V. Pfaffenrot, A. Bouyeure, C.A. Gomes et al.

Imaging Neuroscience, Volume 3, 2025

Cho, Z. H., Kim, Y. B., Han, J. Y., Kim, N. B., Hwang, S. I.,
Kim, S. J., & Cho, S. J. (2010). Altered T2* relaxation
time of the hippocampus in major depressive disorder:
Implications of ultra-high field magnetic resonance
imaging. Journal of Psychiatric Research, 44(14),
881-886. https://doi.org/10.1016/J.JPSYCHIRES.2010
.02.014

Cohen, E. R., Rostrup, E., Sidaros, K., Lund, T. E., Paulson,
0. B., Ugurbil, K., & Kim, S. G. (2004). Hypercapnic
normalization of BOLD fMRI: Comparison across field
strengths and pulse sequences. Neurolmage, 23(2),
613-624. https://doi.org/10.1016/J.NEUROIMAGE.2004
.06.021

Daviddi, S., Pedale, T., St. Jacques, P. L., Schacter, D. L., &
Santangelo, V. (2023). Common and distinct correlates of
construction and elaboration of episodic-autobiographical
memory: An ALE meta-analysis. Cortex, 163, 123-138.
https://doi.org/10.1016/J.CORTEX.2023.03.005

DeKraker, J., Ferko, K. M., Lau, J. C., Koéhler, S., & Khan,
A. R. (2018). Unfolding the hippocampus: An intrinsic
coordinate system for subfield segmentations and
quantitative mapping. Neurolmage, 167, 408-418.
https://doi.org/10.1016/J.NEUROIMAGE.2017.11.054

DeKraker, J., Haast, R. A. M., Yousif, M. D., Karat, B.,

Lau, J. C., Kéhler, S., & Khan, A. R. (2022). Automated
hippocampal unfolding for morphometry and subfield
segmentation with HippUnfold. eLife, 11, e77945.
https://doi.org/10.7554/eLife.77945

Diedrichsen, J., & Shadmehr, R. (2005). Detecting
and adjusting for artifacts in fMRI time series data.
Neurolmage, 27(3), 624-634. https://doi.org/10.1016
/J.NEUROIMAGE.2005.04.039

Ding, S. L., & Van Hoesen, G. W. (2015). Organization and
detailed parcellation of human hippocampal head and
body regions based on a combined analysis of cyto- and
chemoarchitecture. Journal of Comparative Neurology,
523(15), 2233-2258. https://doi.org/10.1002/CNE.23786

Douglas, R. J., Martin, K. A. C., & Whitteridge, D.

(1989). A canonical microcircuit for neocortex. Neural
Computation, 1(4), 480-488. https://doi.org/10.1162
/NECO.1989.1.4.480

Dresbach, S., Huber, L. (Renzo), Gulban, O. F., & Goebel, R.
(20283). Layer-fMRI VASO with short stimuli and event-
related designs at 7 T. Neurolmage, 279, 120293. https://
doi.org/10.1016/j.neuroimage.2023.120293

Duvernoy, H. M., Cattin, F, Risold, P. Y., Vannson, J. L.,

& Gaudron, M. (2013). The human hippocampus:
Functional anatomy, vascularization and serial sections
with MRI (4th ed.). Springer Berlin, Heidelberg. https://
doi.org/10.1007/978-3-642-33603-4

Eun, S., Han, S., Uludag, K., & Kim, S.-G. (2022). Laminar
BOLD normalization using breath-hold challenge. Joint
Annual Meeting ISMRM-ESMRMB ISMRT 31st Annual
Meeting. https://doi.org/10.58530/2022/2986

Faes, L. K., De Martino, F., & Huber, L. (2023). Cerebral
blood volume sensitive layer-fMRI in the human auditory
cortex at 7T: Challenges and capabilities. PLoS One,
18(2). https://doi.org/10.1371/JOURNAL.PONE.0280855

Farahani, K., Sinha, U., Sinha, S., Chiu, L. C., & Lufkin,

R. B. (1990). Effect of field strength on susceptibility
artifacts in magnetic resonance imaging. Computerized
Medical Imaging and Graphics, 14(6), 409-413. https://
doi.org/10.1016/0895-6111(90)90040-I

Finn, E. S., Huber, L., Jangraw, D. C., Molfese, P. J., &
Bandettini, P. A. (2019). Layer-dependent activity in
human prefrontal cortex during working memory. Nature
Neuroscience, 22(10), 1687-1695. https://doi.org/10
.1038/s41593-019-0487-z

19

Frangi, R. F., Niessen, W. J., Vincken, K. L., & Viergever,
M. A. (1998). Multiscale vessel enhancement filtering.
International Conference on Medical Image Computing
and Computer-Assisted Intervention — MICCAI, 1496,
130-137. https://doi.org/10.1007/BFb0056195

Gallichan, D., Marques, J. P.,, & Gruetter, R. (2016).
Retrospective correction of involuntary microscopic head
movement using highly accelerated fat image navigators
(3D FatNavs) at 7T. Magnetic Resonance in Medicine,
75(3), 1030-1039. https://doi.org/10.1002/mrm.25670

Gati, J. S., Menon, R. S., Ugurbil, K., & Rutt, B. K. (1997).
Experimental determination of the BOLD field strength
dependence in vessels and tissue. Magnetic Resonance
in Medicine, 38(2), 296-302. https://doi.org/10.1002/mrm
.1910380220

Gilmore, A. W., Quach, A., Kalinowski, S. E., Gonzalez-
Araya, E. |, Gotts, S. J., Schacter, D. L., & Martin, A.
(2021). Evidence supporting a time-limited hippocampal
role in retrieving autobiographical memories.
Proceedings of the National Academy of Sciences of the
United States of America, 118(12), e2023069118. https://
doi.org/10.1073/pnas.2023069118

Glover, G. H., Li, T.-Q., & Ress, D. (2000). Image-based
method for retrospective correction of physiological
motion effects in fMRI: RETROICOR. Magnetic Resonance
in Medicine, 44(1), 162-167. https://doi.org/10.1002/1522
-2594(200007)44:1<162::aid-mrm23>3.0.co;2-e

Guidi, M., Huber, L., Lampe, L., Merola, A., lhle, K., &
Moéller, H. E. (2020). Cortical laminar resting-state
signal fluctuations scale with the hypercapnic blood
oxygenation level-dependent response. Human Brain
Mapping, 41(8), 2014-2027. https://doi.org/10.1002
/HBM.24926

Haacke, E. M., Lindskogj, E. D., & Lin, W. (1991). A fast,
iterative, partial-fourier technique capable of local phase
recovery. Journal of Magnetic Resonance (1969), 92(1),
126-145. https://doi.org/10.1016/0022-2364(91)90253-P

Haast, R. A. M., Kashyap, S., Ivanov, D., Yousif, M. D.,
DeKraker, J., Poser, B. A, & Khan, A. R. (2024). Insights
into hippocampal perfusion using high-resolution, multi-
modal 7T MRI. Proceedings of the National Academy
of Sciences of the United States of America, 121(11),
€2310044121. https://doi.org/10.1073/pnas.2310044121

Haller, S., & Bartsch, A. J. (2009). Pitfalls in fMRI. European
Radiology, 19(11), 2689-2706. https://doi.org/10.1007
/S00330-009-1456-9

Havlicek, M., & Uludag, K. (2020). A dynamical model of
the laminar BOLD response. Neurolmage, 204, 116209.
https://doi.org/10.1016/j.neuroimage.2019.116209

Hochberg, Y. (1988). A sharper Bonferroni procedure for
multiple tests of significance. Biometrika, 75(4), 800.
https://doi.org/10.2307/2336325

Hu, X., & Kim, S. (1994). Reduction of signal fluctuation
in functional MRI using navigator echoes. Magnetic
Resonance in Medicine, 31(5), 495-503. https://doi.org
/10.1002/mrm.1910310505

Huber, L., Handwerker, D. A., Jangraw, D. C., Goense, J.,
Poser, B. A., & Bandettini, P. A. (2017). High-resolution
CBV-fMRI allows mapping of laminar activity and
connectivity of cortical input and output in human M1.
Neuron, 96, 1253-1263. https://doi.org/10.1016/j.neuron
.2017.11.005

Huber, L., Ivanov, D., Krieger, S. N., Streicher, M. N.,
Mildner, T., Poser, B. A., Mdller, H. E., & Turner, R. (2014).
Slab-selective, BOLD-corrected VASO at 7 tesla provides
measures of cerebral blood volume reactivity with high
signal-to-noise ratio. Magnetic Resonance in Medicine,
72(1), 137-148. https://doi.org/10.1002/mrm.24916


https://doi.org/10.1016/J.JPSYCHIRES.2010.02.014
https://doi.org/10.1016/J.JPSYCHIRES.2010.02.014
https://doi.org/10.1016/J.NEUROIMAGE.2004.06.021
https://doi.org/10.1016/J.NEUROIMAGE.2004.06.021
https://doi.org/10.1016/J.CORTEX.2023.03.005
https://doi.org/10.1016/J.NEUROIMAGE.2017.11.054
https://doi.org/10.7554/eLife.77945
https://doi.org/10.1016/J.NEUROIMAGE.2005.04.039
https://doi.org/10.1016/J.NEUROIMAGE.2005.04.039
https://doi.org/10.1002/CNE.23786
https://doi.org/10.1162/NECO.1989.1.4.480
https://doi.org/10.1162/NECO.1989.1.4.480
https://doi.org/10.1016/j.neuroimage.2023.120293
https://doi.org/10.1016/j.neuroimage.2023.120293
https://doi.org/10.1007/978-3-642-33603-4
https://doi.org/10.1007/978-3-642-33603-4
https://doi.org/10.58530/2022/2986
https://doi.org/10.1371/JOURNAL.PONE.0280855
https://doi.org/10.1016/0895-6111(90)90040-I
https://doi.org/10.1016/0895-6111(90)90040-I
https://doi.org/10.1038/s41593-019-0487-z
https://doi.org/10.1038/s41593-019-0487-z
https://doi.org/10.1007/BFb0056195
https://doi.org/10.1002/mrm.25670
https://doi.org/10.1002/mrm.1910380220
https://doi.org/10.1002/mrm.1910380220
https://doi.org/10.1073/pnas.2023069118
https://doi.org/10.1073/pnas.2023069118
https://doi.org/10.1002/1522-2594(200007)44:1<162::aid-mrm23>3.0.co;2-e
https://doi.org/10.1002/1522-2594(200007)44:1<162::aid-mrm23>3.0.co;2-e
https://doi.org/10.1002/HBM.24926
https://doi.org/10.1002/HBM.24926
https://doi.org/10.1016/0022-2364(91)90253-P
https://doi.org/10.1073/pnas.2310044121
https://doi.org/10.1007/S00330-009-1456-9
https://doi.org/10.1007/S00330-009-1456-9
https://doi.org/10.1016/j.neuroimage.2019.116209
https://doi.org/10.2307/2336325
https://doi.org/10.1002/mrm.1910310505
https://doi.org/10.1002/mrm.1910310505
https://doi.org/10.1016/j.neuron.2017.11.005
https://doi.org/10.1016/j.neuron.2017.11.005
https://doi.org/10.1002/mrm.24916

V. Pfaffenrot, A. Bouyeure, C.A. Gomes et al.

Imaging Neuroscience, Volume 3, 2025

Huber, L., Stirnberg, R., Kan, C., Ehses, P,, Koiso, K.,
Wardle, S., Geparth, I., Graedel, N., Audrain, S.,
Persichetti, A., Morgen, A. T., & Bandettini, P. (2024).
Layer-fMRI in lower brain structures: Why is it so
hard and what can we do about it? Proceedings of
the International Society for Magnetic Resonance in
Medicine, 32, #3129. https://doi.org/10.58530/2024/3129

Jing, R, Cai, Q., Li, W., Zhang, X., Jing, R., Cai, Q., Li, W.,
& Zhang, X. (2021). Neural circuits and some new factors
involved in hippocampal memory. In X. Zhang (Ed.),
Hippocampus - cytoarchitecture and diseases. https://
doi.org/10.5772/INTECHOPEN.101309

Kashyap, S. (2021). srikash/presurfer: Ondu. https://github
.com/srikash/presurfer

Kenward, M. G., & Roger, J. H. (1997). Small sample
inference for fixed effects from restricted maximum
likelihood. Biometrics, 53(3), 983. https://doi.org/10.2307
/2533558

Koopmans, P. J., Barth, M., Orzada, S., & Norris, D. G.
(2011). Multi-echo fMRI of the cortical laminae in humans
at 7 T. Neurolmage, 56(3), 1276-1285. https://doi.org/10
.1016/j.neurocimage.2011.02.042

Koopmans, P. J., & Yacoub, E. (2019). Strategies and
prospects for cortical depth dependent T2 and T2*
weighted BOLD fMRI studies. Neurolmage, 197, 668-
676. https://doi.org/10.1016/j.neuroimage.2019.03.024

Koster, J., & Rahmann, S. (2012). Snakemake —A scalable
bioinformatics workflow engine. Bioinformatics, 28(19),
2520-2522. https://doi.org/10.1093/BIOINFORMATICS
/BTS480

Krlger, G., & Glover, G. H. (2001). Physiological noise in
oxygenation-sensitive magnetic resonance imaging.
Magnetic Resonance in Medicine, 46(4), 631-637.
https://doi.org/10.1002/MRM.1240

Lawrence, S. J. D., Norris, D. G., & De Lange, F. P. (2019).
Dissociable laminar profiles of concurrent bottom-up and
top-down modulation in the human visual cortex. eLife,
8, 44422. https://doi.org/10.7554/ELIFE.44422

Leelaarporn, P, Dalton, M. A., Stirnberg, R., Stécker, T.,
Spottke, A., Schneider, A., & McCormick, C. (2024).
Hippocampal subfields and their neocortical interactions
during autobiographical memory. Imaging Neuroscience,
2, 1-13. https://doi.org/10.1162/IMAG_A_00105

Lewis, L. D., Setsompop, K., Rosen, B. R., & Polimeni,

J. R. (2018). Stimulus-dependent hemodynamic
response timing across the human subcortical-cortical
visual pathway identified through high spatiotemporal
resolution 7T fMRI. Neurolmage, 181, 279-291. https://
doi.org/10.1016/j.neuroimage.2018.06.056

Lidecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P,

& Makowski, D. (2021). Performance: An R package
for assessment, comparison and testing of statistical
models. Journal of Open Source Software, 6(60), 3139.
https://doi.org/10.21105/J0SS.03139

Luke, S. G. (2017). Evaluating significance in linear mixed-
effects models in R. Behavior Research Methods, 49(4),
1494-1502. https://doi.org/10.3758/S13428-016
-0809-Y

Lisebrink, F., Mattern, H., Yakupov, R., Acosta-Cabronero,
J., Ashtarayeh, M., Oeltze-Jafra, S., & Speck, O. (2021).
Comprehensive ultrahigh resolution whole brain in vivo
MRI dataset as a human phantom. Scientific Data, 8(1),
1-183. https://doi.org/10.1038/s41597-021-00923-w

Maass, A., Schiitze, H., Speck, O., Yonelinas, A.,
Tempelmann, C., Heinze, H. J., Berron, D., Cardenas-
Blanco, A., Brodersen, K. H., Stephan, K. E., & Dlzel,

E. (2014). Laminar activity in the hippocampus and
entorhinal cortex related to novelty and episodic

20

encoding. Nature Communications, 5(1), 1-12. https://
doi.org/10.1038/ncomms6547

Maggioni, M., Katkovnik, V., Egiazarian, K., & Foi, A. (2013).
Nonlocal transform-domain filter for volumetric data
denoising and reconstruction. IEEE Transactions on
Image Processing, 22(1), 119-133. https://doi.org/10
.1109/TIP2012.2210725

Marcus, D. S., Harwell, J., Olsen, T., Hodge, M., Glasser,
M. F., Prior, F.,, Jenkinson, M., Laumann, T., Curtiss,
S. W, & Van Essen, D. C. (2011). Informatics and data
mining tools and strategies for the human connectome
project. Frontiers in Neuroinformatics, 5, 10774. https://
doi.org/10.3389/fninf.2011.00004

Markuerkiaga, ., Barth, M., & Norris, D. G. (2016). A cortical
vascular model for examining the specificity of the
laminar BOLD signal. Neurolmage, 132, 491-498. https://
doi.org/10.1016/j.neuroimage.2016.02.073

Markuerkiaga, ., Marques, J. P.,, Bains, L. J., & Norris, D. G.
(2021). An in-vivo study of BOLD laminar responses as a
function of echo time and static magnetic field strength.
Scientific Reports, 11(1), 1-13. https://doi.org/10.1038
/s41598-021-81249-w

Marques, J. P, Kober, T., Krueger, G., van der Zwaag,
W., Van de Moortele, P. F.,, & Gruetter, R. (2010).
MP2RAGE, a self bias-field corrected sequence for
improved segmentation and T1-mapping at high field.
Neurolmage, 49(2), 1271-1281. https://doi.org/10.1016/J
.NEUROIMAGE.2009.10.002

McCormick, C., St-Laurent, M., Ty, A., Valiante, T. A.,
& McAndrews, M. P. (2015). Functional and effective
hippocampal-neocortical connectivity during
construction and elaboration of autobiographical
memory retrieval. Cerebral Cortex, 25(5), 1297-1305.
https://doi.org/10.1093/cercor/bht324

Miller, T. D., Chong, T. T. J., Davies, A. M. A., Johnson,
M. R., Irani, S. R., Husain, M., Ng, T. W. C., Jacob, S.,
Maddison, P.,, Kennard, C., Gowland, P. A., & Rosenthal,
C. R. (2020). Human hippocampal CA3 damage disrupts
both recent and remote episodic memories. eLife, 9,
41836. https://doi.org/10.7554/ELIFE.41836

Murphy, K., Birn, R. M., & Bandettini, P. A. (2013). Resting-
state fMRI confounds and cleanup. Neurolmage, 80,
349-359. https://doi.org/10.1016/J.NEUROIMAGE.2013
.04.001

Nichols, T. E., & Holmes, A. P. (2002). Nonparametric
permutation tests for functional neuroimaging: A primer
with examples. Human Brain Mapping, 15(1), 1-25.
https://doi.org/10.1002/HBM.1058

Ogawa, S., Menon, R. S., Tank, D. W., Kim, S. G., Merkle,
H., Ellermann, J. M., & Ugurbil, K. (1993). Functional
brain mapping by blood oxygenation level-dependent
contrast magnetic resonance imaging. A comparison
of signal characteristics with a biophysical model.
Biophysical Journal, 64(3), 803-812. https://doi.org/10
.1016/S0006-3495(93)81441-3

Olman, C. A,, Harel, N., Feinberg, D. A., He, S., Zhang, P,
Ugurbil, K., & Yacoub, E. (2012). Layer-specific fMRI
reflects different neuronal computations at different
depths in human V1. PLoS One, 7(3), €32536. https://doi
.org/10.1371/JOURNAL.PONE.0032536

Pfaffenrot, V., Bouyeure, A., Axmacher, N., & Norris, D. G.
(2024). Laminar fMRI of the human hippocampus:
Accounting for physiological fluctuations and
vasculature. Proceedings of the International Society for
Magnetic Resonance in Medicine, 32, 3128. https://doi
.org/10.58530/2024/3128

Pfaffenrot, V., & Koopmans, P. J. (2022). Magnetization
transfer weighted laminar fMRI with multi-echo FLASH.


https://doi.org/10.58530/2024/3129
https://doi.org/10.5772/INTECHOPEN.101309
https://doi.org/10.5772/INTECHOPEN.101309
https://github.com/srikash/presurfer
https://github.com/srikash/presurfer
https://doi.org/10.2307/2533558
https://doi.org/10.2307/2533558
https://doi.org/10.1016/j.neuroimage.2011.02.042
https://doi.org/10.1016/j.neuroimage.2011.02.042
https://doi.org/10.1016/j.neuroimage.2019.03.024
https://doi.org/10.1093/BIOINFORMATICS/BTS480
https://doi.org/10.1093/BIOINFORMATICS/BTS480
https://doi.org/10.1002/MRM.1240
https://doi.org/10.7554/ELIFE.44422
https://doi.org/10.1162/IMAG_A_00105
https://doi.org/10.1016/j.neuroimage.2018.06.056
https://doi.org/10.1016/j.neuroimage.2018.06.056
https://doi.org/10.21105/JOSS.03139
https://doi.org/10.3758/S13428-016-0809-Y
https://doi.org/10.3758/S13428-016-0809-Y
https://doi.org/10.1038/s41597-021-00923-w
https://doi.org/10.1038/ncomms6547
https://doi.org/10.1038/ncomms6547
https://doi.org/10.1109/TIP.2012.2210725
https://doi.org/10.1109/TIP.2012.2210725
https://doi.org/10.3389/fninf.2011.00004
https://doi.org/10.3389/fninf.2011.00004
https://doi.org/10.1016/j.neuroimage.2016.02.073
https://doi.org/10.1016/j.neuroimage.2016.02.073
https://doi.org/10.1038/s41598-021-81249-w
https://doi.org/10.1038/s41598-021-81249-w
https://doi.org/10.1016/J.NEUROIMAGE.2009.10.002
https://doi.org/10.1016/J.NEUROIMAGE.2009.10.002
https://doi.org/10.1093/cercor/bht324
https://doi.org/10.7554/ELIFE.41836
https://doi.org/10.1016/J.NEUROIMAGE.2013.04.001
https://doi.org/10.1016/J.NEUROIMAGE.2013.04.001
https://doi.org/10.1002/HBM.1058
https://doi.org/10.1016/S0006-3495(93)81441-3
https://doi.org/10.1016/S0006-3495(93)81441-3
https://doi.org/10.1371/JOURNAL.PONE.0032536
https://doi.org/10.1371/JOURNAL.PONE.0032536
https://doi.org/10.58530/2024/3128
https://doi.org/10.58530/2024/3128

V. Pfaffenrot, A. Bouyeure, C.A. Gomes et al.

Imaging Neuroscience, Volume 3, 2025

Neurolmage, 264(October), 119725. https://doi.org/10
.1016/j.neuroimage.2022.119725

Pfaffenrot, V., Voelker, M. N., Kashyap, S., & Koopmans,
P. J. (2021). Laminar fMRI using T2-prepared multi-echo
FLASH. Neurolmage, 236, 118163. https://doi.org/10
.1016/j.neuroimage.2021.118163

Polimeni, J. R., Fischl, B., Greve, D. N., & Wald, L. L. (2010).
Laminar analysis of 7T BOLD using an imposed spatial
activation pattern in human V1. Neurolmage, 52(4),
1334-1346. https://doi.org/10.1016/j.neuroimage.2010
.05.005

Poser, B. A., Versluis, M. J., Hoogduin, J. M., & Norris,
D. G. (2006). BOLD contrast sensitivity enhancement and
artifact reduction with multiecho EPI: Parallel-acquired
inhomogeneity-desensitized fMRI. Magnetic Resonance
in Medicine, 55(6), 1227-1235. https://doi.org/10.1002
/mrm.20900

Pruessmann, K. P., Weiger, M., Bérnert, P, & Boesiger, P.
(2001). Advances in sensitivity encoding with arbitrary
k-space trajectories. Magnetic Resonance in Medicine,
46(4), 638-651. https://doi.org/10.1002/MRM.1241

Pruessmann, K. P., Weiger, M., Scheidegger, M. B.,
& Boesiger, P. (1999). SENSE: Sensitivity encoding
for fast MRI. Magnetic Resonance in Medicine,
42(5), 952-962. https://doi.org/10.1002/(SICI)1522
-2594(199911)42:5<952::AID-MRM16>3.0.CO;2-S

Puckett, A. M., Aquino, K. M., Robinson, P. A., Breakspear, M.,
& Schira, M. M. (2016). The spatiotemporal hemodynamic
response function for depth-dependent functional imaging
of human cortex. Neurolmage, 139, 240-248. https://doi
.org/10.1016/j.neuroimage.2016.06.019

Sammons, R. P, Vezir, M., Moreno-Velasquez, L., Cano,
G., Orlando, M., Sievers, M., Grasso, E., Metodieva,
V. D., Kempter, R., Schmidt, H., & Schmitz, D. (2024).
Structure and function of the hippocampal CA3 module.
Proceedings of the National Academy of Sciences of the
United States of America, 121(6), €2312281120. https://
doi.org/10.1073/pnas.2312281120

Schultz, S. R., & Rolls, E. T. (1999). Analysis of information
transmission in the Schaffer collaterals. Hippocampus,
9(5), 582-598. https://doi.org/10.1002/(SICI)1098
-1063(1999)9:5<582::AID-HIPO12>3.0.CO;2-P

Sharoh, D., Mourik, T. V,, Bains, L. J., Segaert, K., Weber, K.,
& Hagoort, P. (2019). Laminar specific fMRI reveals directed
interactions in distributed networks during language
processing. Proceedings of the National Academy of
Sciences of the United States of America, 116(42), 21185—
21190. https://doi.org/10.1073/pnas.1907858116

Stanley, O. W., Kuurstra, A. B., Klassen, L. M., Menon,
R. S., & Gati, J. S. (2021). Effects of phase regression
on high-resolution functional MRI of the primary visual
cortex. Neurolmage, 227, 117631. https://doi.org/10
.1016/J.NEUROIMAGE.2020.117631

Stirnberg, R., & Stécker, T. (2021). Segmented K-space
blipped-controlled aliasing in parallel imaging for high
spatiotemporal resolution EPI. Magnetic Resonance in
Medicine, 85(3), 1540-1551. https://doi.org/10.1002/mrm
.28486

Stoewer, S., Goense, J., Keliris, G. A., Bartels, A.,
Logothetis, N. K., Duncan, J., & Sigala, N. (2012). An

21

analysis approach for high-field fMRI data from awake
non-human primates. PLoS One, 7(1), e29697. https://
doi.org/10.1371/journal.pone.0029697

Triantafyllou, C., Hoge, R. D., Krueger, G., Wiggins, C. J.,
Potthast, A., Wiggins, G. C., & Wald, L. L. (2005).
Comparison of physiological noise at 1.5 T, 3 T and
7 T and optimization of fMRI acquisition parameters.
Neurolmage, 26(1), 243-250. https://doi.org/10.1016/j
.neuroimage.2005.01.007

Turner, R. (2002). How much codex can a vein drain?
Downstream dilution of activation-related cerebral blood
oxygenation changes. Neurolmage, 16(4), 1062-1067.
https://doi.org/10.1006/nimg.2002.1082

Uecker, M., Lai, P,, Murphy, M. J., Virtue, P., Elad, M.,
Pauly, J. M., Vasanawala, S. S., & Lustig, M. (2014).
ESPIRIT—An eigenvalue approach to autocalibrating
parallel MRI: Where SENSE meets GRAPPA. Magnetic
Resonance in Medicine, 71(3), 990-1001. https://doi.org
/10.1002/MRM.24751

Uecker, M., Ong, F.,, Tamir, J. I., Bahri, D., Virtue, P,, Cheng,
J. Y., Zhang, T., & Lustig, M. (2015). Berkeley advanced
reconstruction toolbox. Proceedings of the International
Society for Magnetic Resonance in Medicine. https://
archive.ismrm.org/2015/2486.html

Uludag, K., Muller-Bierl, B., & Ugurbil, K. (2009). An
integrative model for neuronal activity-induced signal
changes for gradient and spin echo functional imaging.
Neurolmage, 48, 150-165. https://doi.org/10.1016/j
.neuroimage.2009.05.051

Van De Moortele, P. F., Akgun, C., Adriany, G., Moeller, S.,
Ritter, J., Collins, C. M., Smith, M. B., Vaughan, J. T,
& Ugurbil, K. (2005). B1 destructive interferences and
spatial phase patterns at 7 T with a head transceiver
array coil. Magnetic Resonance in Medicine, 54(6),
1503-1518. https://doi.org/10.1002/mrm.20708

Viessmann, O., Scheffler, K., Bianciardi, M., Wald, L. L., &
Polimeni, J. R. (2019). Dependence of resting-state fMRI
fluctuation amplitudes on cerebral cortical orientation
relative to the direction of BO and anatomical axes.
Neurolmage, 196, 337-350. https://doi.org/10.1016/j
.neuroimage.2019.04.036

Volker, M. (n.d.). MRI partial Fourier Reconstruction with
POCS. Retrieved July 12, 2022, from https://www
.mathworks.com/matlabcentral/fileexchange/39350-mri
-partial-fourier-reconstruction-with-pocs

Waehnert, M. D., Dinse, J., Weiss, M., Streicher, M. N.,
Waehnert, P.,, Geyer, S., Turner, R., & Bazin, P. L. (2014).
Anatomically motivated modeling of cortical laminae.
Neurolmage, 93, 210-220. https://doi.org/10.1016
/J.NEUROIMAGE.2013.03.078

Weisskoff, R. M. (1996). Simple measurement of scanner
stability for functional NMR imaging of activation in the
brain. Magnetic Resonance in Medicine, 36(4), 643-645.
https://doi.org/10.1002/mrm.1910360422

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G.,
Ho, S., Gee, J. C., & Gerig, G. (2006). User-guided 3D
active contour segmentation of anatomical structures:
Significantly improved efficiency and reliability.
Neurolmage, 31(3), 1116-1128. https://doi.org/10.1016
/j.neuroimage.2006.01.015


https://doi.org/10.1016/j.neuroimage.2022.119725
https://doi.org/10.1016/j.neuroimage.2022.119725
https://doi.org/10.1016/j.neuroimage.2021.118163
https://doi.org/10.1016/j.neuroimage.2021.118163
https://doi.org/10.1016/j.neuroimage.2010.05.005
https://doi.org/10.1016/j.neuroimage.2010.05.005
https://doi.org/10.1002/mrm.20900
https://doi.org/10.1002/mrm.20900
https://doi.org/10.1002/MRM.1241
https://doi.org/10.1002/(SICI)1522-2594(199911)42:5<952::AID-MRM16>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1522-2594(199911)42:5<952::AID-MRM16>3.0.CO;2-S
https://doi.org/10.1016/j.neuroimage.2016.06.019
https://doi.org/10.1016/j.neuroimage.2016.06.019
https://doi.org/10.1073/pnas.2312281120
https://doi.org/10.1073/pnas.2312281120
https://doi.org/10.1002/(SICI)1098-1063(1999)9:5<582::AID-HIPO12>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1098-1063(1999)9:5<582::AID-HIPO12>3.0.CO;2-P
https://doi.org/10.1073/pnas.1907858116
https://doi.org/10.1016/J.NEUROIMAGE.2020.117631
https://doi.org/10.1016/J.NEUROIMAGE.2020.117631
https://doi.org/10.1002/mrm.28486
https://doi.org/10.1002/mrm.28486
https://doi.org/10.1371/journal.pone.0029697
https://doi.org/10.1371/journal.pone.0029697
https://doi.org/10.1016/j.neuroimage.2005.01.007
https://doi.org/10.1016/j.neuroimage.2005.01.007
https://doi.org/10.1006/nimg.2002.1082
https://doi.org/10.1002/MRM.24751
https://doi.org/10.1002/MRM.24751
https://archive.ismrm.org/2015/2486.html
https://archive.ismrm.org/2015/2486.html
https://doi.org/10.1016/j.neuroimage.2009.05.051
https://doi.org/10.1016/j.neuroimage.2009.05.051
https://doi.org/10.1002/mrm.20708
https://doi.org/10.1016/j.neuroimage.2019.04.036
https://doi.org/10.1016/j.neuroimage.2019.04.036
https://www.mathworks.com/matlabcentral/fileexchange/39350-mri-partial-fourier-reconstruction-with-pocs
https://www.mathworks.com/matlabcentral/fileexchange/39350-mri-partial-fourier-reconstruction-with-pocs
https://www.mathworks.com/matlabcentral/fileexchange/39350-mri-partial-fourier-reconstruction-with-pocs
https://doi.org/10.1016/J.NEUROIMAGE.2013.03.078
https://doi.org/10.1016/J.NEUROIMAGE.2013.03.078
https://doi.org/10.1002/mrm.1910360422
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015

