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contrast (F(1,528) > 4, pFDR <  .05 for all subfields). The 
strongest effects of contrast and interaction are seen  
for CA1 (F(1,528)  =  101, pFDR  =  3e-21 for contrast, 
F(1,528) = 20.5, pFDR = 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, pFDR = .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, pFDR = .049). CA3 showed a significant interaction 
between depth and masking (F(1,366) = 9.05, pFDR = .007) 
but no main effect of masking (F(1,366)  =  4.36, 
pFDR = .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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3.3.1.  T2*

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 T2* relaxation times for each 
subfield as a function of cortical depth. Figure  6A-D 
shows the fitted T2* 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 T2* 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 T2* 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 

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 T2* 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.  6I-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, 

Fig. 6.  MRI metrics. T2* 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 T2* at the demarcation between CA1 an CA2 is likely due to partial voluming with CSF. (D) Laminar profiles 
of T2* for all subfields. The subiculum exhibits a comparably short T2* 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 (Krüger & 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 ( 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 

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:
•	 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.

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).
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•	 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:
•	 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:
•	 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 & Uludağ, 2020; Uludağ 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.

The anatomical location of the hippocampus renders it 
prone to artifacts associated with B

0-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 B0-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 CA3, 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 PPI (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 T2* pro-
files are in line with previous reported T2* 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, 

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.
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All processing and analysis code can be found in the 
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-pfaffenrot​/hippocampus​_laminarfMRI​_code). Final sur-
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