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BOLD and 0.25 for VASO (see also Supplementary 
Fig. S3). A paired Wilcoxon signed-rank test revealed no 
statistically significant difference between the two imag-
ing contrasts in CNR (V = 19, p = 0.093).

Given the small number of participants (N = 6), we fur-
ther performed sensitivity analysis by extracting the mean 
BOLD and VASO signal change for the memory > math 
contrast in each participant within two ROIs: a gray mat-
ter mask cropped to the functional slab coverage and the 
whole HC, that is, a composite ROI of all subfields. The 
standard deviation across participants was then com-
puted for each ROI and imaging contrast. The resulting 
minimum detectable effect sizes (MDES) are reported in 

Supplementary Table S5, ranging from 0.144 to 0.55. For 
reference, the corresponding standardized MDES (one-
sample Cohen’s d) for 80% power at α = 0.05 is 1.43, 
suggesting that statistical power is limited for detecting 
small effects at the group level.

Similar activation maps (nifti data available on Zenodo) 
were observed at the group level although the effects 
were less pronounced in the VASO dataset. Neverthe-
less, the similarity of the overall observed activation pat-
terns during memory retrieval and math operations to 
previously reported activation profiles (Dehaene et  al., 
2005; Leelaarporn et al., 2024; McCormick et al., 2015; 
Rickard et al., 2000).

Fig. 4.  Consistency of tSNR in HC across scanners and head coils. (A) Mean HC-tSNR values for BOLD and VASO 
contrasts across two identical MAGNETOM TERRA and one classic 7T Plus scanners (NTERRA1 = 17, NTERRA2 = 3, NPlus = 5). 
In the box plots, the white solid line denotes the median, the red circle represents the group mean, and the remaining 
scatter points reflect the individual data per scanner. The top right panel displays mean VASO and BOLD images along 
their corresponding tSNR maps in three randomly selected participants whose data are also shown in the box plots. 
Average HC-tSNR values are shown on the maps next to the anatomical location of HC, highlighted with a green mask.  
(B) Comparison of mean BOLD and VASO images together with their respective tSNR maps between sTX and pTX  
coils in the same participant, indicating higher values for the sTX coil. HC = hippocampus, tSNR = temporal signal-to-
noise ratio.



10

K. Ahmadi, S. Swegle, S. Kashyap et al.	 Imaging Neuroscience, Volume 4, 2026

3.2.2.  Laminar profiles of HC subfields for memory 
vs math trials

Figure  6 illustrates the average depth-dependent pro-
files  of HC subfields across all participants for the  
z-transformed memory  >  math contrast (see Section  2 
and Pfaffenrot et al., 2025) in BOLD and VASO data. In 
subiculum and CA1, the laminar BOLD signal exhibited a 
peak at the SRLM adjacent to the inner surface, corre-
sponding to superficial layers, followed by a decreasing 
pattern toward the outer surface. In CA2, the BOLD sig-
nal showed a modest elevation at SRLM, a dip in the 
inner surface and a subsequent increase at the outer sur-
face. In contrast, CA3 displayed a largely monotonic 
increase in the BOLD signal across depths. Crucially, the 
increase in BOLD-driven laminar profiles across HC sub-
fields aligns with the expected draining venous bias 
based on neuroanatomical evidence and a recent BOLD-
based laminar fMRI study (Duvernoy, 2005; Pfaffenrot 
et al., 2025), that is, a more pronounced effect toward the 
SRLM/inner surface in the subiculum and CA1 and at the 
outer surface in CA2 (see Fig. 6). Interestingly, the VASO 
signal demonstrated a primarily inverse laminar trend rel-
ative to BOLD, manifesting a decreasing pattern at the 
SRLM/inner surface of subiculum and CA1 as well as the 
outer surface of CA2. To quantitatively substantiate this 
observation, we fitted a linear mixed-effect model (imple-
mented via “nlme” package in R) in the subiculum, CA1 
and CA2, showing visually divergent patterns. Specifi-
cally, the signal change was modeled as a function of 
depth, imaging contrast (BOLD vs VASO), and their inter-
action with random intercepts for participants and an 
AR(1) autocorrelation term to account for residual depen-
dencies across adjacent depth bins.

In subiculum, the imaging contrast x depth interaction 
was not significant (β = -0.00022, p = 0.9), indicating that 
despite visually opposing patterns, the depth-dependent 
profiles of BOLD and VASO did not statistically differ in 
this subfield. However, there was a significant main effect 
of depth (β = -0.004, p = 0.0035), reflecting a decrease in 
signal magnitude with increasing depth for both BOLD 
and VASO. In CA1, the imaging contrast x depth interac-
tion was highly significant (β  =  -0.005, p  =  0.0005), 
demonstrating that the depth-dependent slope for VASO 
differed markedly from that of BOLD. Similarly, in CA2, 
the interaction effect was significant (β  =  -0.0035, 
p = 0.029), confirming opposite depth-dependent slopes 
between BOLD and VASO. In CA3, however, the laminar 
profiles of BOLD and VASO were comparable. Similar 
laminar profiles were also observed for non-transformed 
memory > math contrast (Supplementary Fig​. S4).

3.2.3.  Voxel-wise and depth-dependent tSNR 
across HC subfields

To quantify signal stability across subfields, tSNR was 
computed at voxel level and as a function of depth. As 
depicted in Figure  7, the average voxel-wise tSNR for 
BOLD was slightly higher than VASO across all subfields. 
To further examine subfield-specific differences in tSNR, 
linear mixed-effect models were separately applied for 
BOLD and VASO data with subfields as fixed effects and 
participants as random intercept. For both contrasts, the 
models revealed a significant effect of subfield on tSNR. 
Tukey-corrected post hoc comparisons indicated that, 
for BOLD, all subfields exhibited significantly higher tSNR 
than the subiculum (all p < 0.01).

Fig. 5.  Brain activation maps and average signal changes across HC subfields for BOLD and VASO contrasts.  
(A) Representative activation patterns from two participants (S001 and S006) during memory and math trials overlaid on 
the mean BOLD (top) and VASO (bottom) images (p < 0.05, uncorrected). The green mask indicates HC. (B) Mean signal 
change for VASO and BOLD (left and right panels, respectively) across subfields derived from significant clusters within 
the HC for memory > math (as shown in panel A). The error bars indicate standard error of the mean (SEM). Note that here 
“DG” represents a merged ROI encompassing both the dentate gyrus and CA4.

https://doi.org/10.1162/IMAG.a.1197#supplementary-data
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In VASO, tSNR in the subiculum was significantly 

lower than CA1, CA2, and CA3, but not CA4/DG (all 

p < 0.01). Moreover, across both contrasts, CA3 showed 

the highest tSNR. In BOLD, CA3 showed significantly 

greater tSNR than CA4/DG (p  =  0.002). In VASO data, 

there was an additional significant difference between 

CA3 and CA2 (p = 0.019). All other pairwise comparisons 

did not reach statistical significance.

Similarly, laminar profiles of tSNR were consistently 
larger for BOLD than for VASO and remained relatively 
constant across subfields’ depths, with the exception of 
the subiculum displaying an increasing trend in tSNR from 
SRLM toward the inner surface (Fig. 8). Notably, the lami-
nar tSNR values were markedly higher than voxel-level val-
ues largely due to averaging over 7262 vertices in each 
depth bin, thereby suppressing random thermal noise by 
canceling uncorrelated fluctuations (see Section 2).

Fig. 6.  Laminar profiles of subfields for memory vs math contrast along with HC vascular architecture. In subiculum 
and CA1, the BOLD signal profiles (blue) peak at the SRLM near the inner surface, whereas in CA2, the BOLD increase 
is confined to the outer surface, likely reflecting subfield-specific draining veins’ bias. Conversely, the VASO signal (red) 
shows the opposite pattern in those subfields at the same depth. Shaded areas indicate SEM. Note that the laminar 
profiles are not estimated in DG and CA4 due to lack of a clear boundary between the inner and outer surfaces. The right 
panel displays a schematic illustration of HC venous supply, adapted from Duvernoy (2005).

Fig. 7.  tSNR comparison across HC subfields for (A) BOLD and (B) VASO data. In the box plots, the white solid line 
indicates the median, the red circle represents the mean, and the remaining scatter points correspond to single runs. Note 
that tSNR values were computed throughout the entire acquisition period (150 volumes per run). Statistical significance is 
denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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4.  DISCUSSION

Despite significant progress in harnessing laminar fMRI 
to uncover the directionality of information flow in the 
neocortical areas (Fracasso et al., 2018; Kok et al., 2016; 
Olman et al., 2012; Sharoh et al., 2019; van Dijk et al., 
2021), analogous investigations in non-neocortical 
regions and particularly the HC remain limited (Ahmadi 
et al., 2024; Maass et al., 2014; Pfaffenrot et al., 2025). To 
date, the available studies have examined depth-
dependent activity across HC subfields using GE-BOLD 
contrast whose signal is weighted toward large venous 
vessels. To mitigate the macrovasculature bias, we aimed 
to develop an HC-tailored VASO protocol. Our findings 
provide evidence for successful implementation of meso-
scale VASO in human HC by (i) yielding sufficient signal 
quality with minimal artifacts across conventional 7T 
scanners and (ii) enabling reliable measurement of 
laminar-specific signal modulations across subfields 
during an autobiographical memory task.

4.1.  VASO optimization in HC

The major innovation of this study lies in the acquisition 
strategies designed to address the methodological and 
physiological challenges of applying submillimeter VASO 

in the HC on conventional 7T scanners. The anatomical 
location of the HC renders it susceptible to B0 and B1 inho-
mogeneities, leading to more pronounced EPI artifacts and 
a subsequent decrease in SNR (Koster et al., 2018; Maass 
et al., 2014; Pfaffenrot et al., 2025). Additionally, similar to 
other inferior brain areas, the HC is located far from RF coil 
elements and often requires a relatively large matrix size 
and short T2* values for acquisition (Huber, Stirnberg, 
et al., 2025), factors that further exacerbate the SNR loss. 
We used pTX system and optimized the EPI protocol to 
boost the tSNR by decreasing FOV, GRAPPA, base resolu-
tion, and partial Fourier while increasing the bandwidth, 
and made further adjustments to other sequence parame-
ters (see Section 2, and Fig. 1B&C). A prominent source of 
artifact in laminar fMRI is the appearance of Fuzzy ripples 
represented by low spatial frequency signal shadings 
(Huber, Stirnberg, et al., 2025). These artifacts are particu-
larly severe in deep brain areas including the HC and are 
largely associated with eddy currents in ramp-sampling 
EPI. In SIEMENS whole-body scanners, these eddy cur-
rents are predominantly induced by inductive coupling 
with the third-order shim (Boulant et al., 2024). To mitigate 
Fuzzy ripples and improve the EPI equality, we unplugged 
third-order shim prior to data acquisition, reoriented the 
EPI read-out along the z-axis, and adjusted the bandwidth 
(Fig. 2A). Inflow-compromised VASO signals were largely 

Fig. 8.  tSNR changes across subfields’ depths for both BOLD and VASO. Although tSNR is higher for BOLD than for 
VASO, its laminar profiles are similar across contrasts and remain largely stable as a function of depth in all subfields. The 
subiculum is the only exception, showing an increase from the SRLM toward the inner surface and a subsequent flattening 
at the outer surface. tSNR values were computed throughout the entire acquisition period (150 volumes per run).
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mitigated using adiabatic RF pulses optimized for inver-
sion efficiency (see Figs. 1C and 2B). After adjusting RF 
power scale, inflow effects in HC were similarly modulated 
to those observed in posterior neocortical regions, sug-
gesting that the effects are primarily driven by larger arte-
rial vessels with minimal impact on the HC microvasculature. 
In this study, TI1 was set to 1491  ms. Although arterial 
arrival to the HC via the posterior cortical and anterior cho-
roidal arteries is shorter than in cortical gray matter, our 
inflow-characterization experiment confirmed that residual 
inflow effects remained largely confined to the macrovas-
cular compartment (Figs. 2B & 3), thereby not compromis-
ing the VASO signal in the HC. Previous VASO studies 
have used TI values between 1100 ms (Finn et al., 2019; 
see Huber et al., 2017) and approximately 1500 ms (Huber 
et al., 2014), corresponding to the expected blood nulling 
time for typical hematocrit levels across sex and oxygen-
ation state. Importantly, the experimentally utilized TI is 
generally a compromise between multiple factors: (i) 
Desired large coverage requires longer acquisition periods, 
that is, higher numbers of slices typically require longer 
TIs. (ii) Conversely, inflow contaminations in regions with 
shorter arterial arrival time necessitate shorter TIs. How-
ever, the effective blood nulling time also depends critically 
on inversion pulse performance, that is, inversion effi-
ciency. In our earlier studies (Finn et al., 2019; Huber et al., 
2017) performed on older scanner software versions (e.g. 
SIEMENS VB17A-UHF), SAR constraints restricted the 
inversion efficiency of large bandwidth inversion pulses. 
This made it necessary to decrease the TI. In contrast, 
newer generations of scanners allow inversion pulses with 
larger power and thus higher inversion efficiency enabling 
use a longer TI in the current study.

The optimized protocol showed strong reproducibility 
across three conventional SIEMENS 7T scanners (two 
identical TERRA and a classic 7T Plus), representing the 
most widely distributed 7T platforms globally, thereby 
underscoring its generalizability and practical utility. The 
comparison of head coils revealed a modest SNR advan-
tage in HC for both BOLD and VASO contrasts with the 
sTX coil (Fig.  4B), which is consistent with reports on 
increased noise coupling of the lower row of receivers in 
the pTx coil (Huber, Morgan, et al., 2025). While the num-
ber of available datasets obtained with both coil types 
(N = 1) precludes any conclusion, the observed difference 
may reflect g-factor amplification in the pTX coil (Gosselink 
et al., 2021). Future studies are, thus, warranted to explore 
this effect systematically in a larger cohort.

4.2.  Functional validation using a memory task

To assess the sensitivity of the optimized sequence, we 
employed an autobiographical memory paradigm. In line 

with previous studies (Leelaarporn et  al., 2024; 
McCormick et  al., 2015; Pfaffenrot et  al., 2025), we 
observed HC, parahippocampal, and frontal activity 
during memory retrieval for both BOLD and VASO data. 
Notably, both imaging contrasts yielded consistent acti-
vation patterns (Fig. 5A). Further investigation of BOLD 
and VASO signal change in significant clusters within the 
HC and across the entire anatomically defined subfields 
showed no differential activation across subfields 
(Fig. 5B, & Supplementary Fig​. S2), suggesting a coordi-
nated engagement of HC during autobiographical mem-
ory retrieval. This is partially in agreement with the 
findings of a recent study (Leelaarporn et  al., 2024) 
reporting no significant difference in the activation of CA1 
to CA3, DG/CA4, and the subiculum. However, that study 
employed manual segmentation of the subfields and 
included pre/parasubiculum that showed higher signal 
change than all other subfields. In contrast, we used Hip-
pUnfold (DeKraker et al., 2022) to automatically segment 
the subfields that does not delineate the pre/parasubicu-
lum area. This may account for the absence of a distinct 
subfield effect in our results. Collectively, the conver-
gence of the observed activation maps between BOLD 
and VASO coupled with their correspondence to regions 
identified in prior studies (Dehaene et  al., 2005; 
Leelaarporn et al., 2024; McCormick et al., 2015; Rickard 
et  al., 2000) supports the robustness of the optimized 
sequence in detecting task-related activity in the HC.

Laminar analyses revealed distinct activation profiles 
in each subfield. Specifically, the laminar BOLD responses 
in CA1 showed a peak at the transition zone between 
SRLM and the inner surface, while in CA2 a modest 
increase in BOLD signal was observed toward the outer 
surface. These findings are largely consistent with a 
recent BOLD-based laminar fMRI study (Pfaffenrot et al., 
2025) and the neuroanatomical evidence on hippocam-
pal venous supply (Duvernoy, 2005), suggesting a poten-
tial contribution of draining vessels to the observed BOLD 
signal. In contrast, VASO signal profiles exhibited an 
inverse trend at the SRLM/inner surface border of CA1 as 
well as the outer surface of CA2, likely reflecting its sen-
sitivity to microvascular CBV changes. A similar diverging 
trend between BOLD and VASO was apparent in subicu-
lum at SRLM/inner surface border, although this differ-
ence did not reach statistical significance. In CA3, the 
laminar profiles of BOLD and VASO were comparable, 
both showing a peak at the outer surface (corresponding 
to deep layers). This could potentially demonstrate the 
contribution of trisynaptic pathway to autobiographical 
memory retrieval via pattern completion, a key computa-
tional function governed by CA3. This process involves 
the reactivation of an entire memory or episode from par-
tial cues and is thought to rely on recurrent autoassocia-

https://doi.org/10.1162/IMAG.a.1197#supplementary-data
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tive connections in deep layers of CA3, likely at stratum 
radiatum and proximal apical dendrites (Le Duigou et al., 
2014; Marr, 1971; Witter, 2007), toward its outer surface. 
Altogether, these findings indicate that the optimized 
VASO protocol can resolve depth-dependent activity in 
the HC.

It should be noted that the overall amplitude of VASO 
signal change was relatively comparable with BOLD at 
the voxel level (see Fig. 5B and Supplementary Fig​. S2). 
Further, although the laminar BOLD responses were 
larger than VASO across all subfields (Fig. 6), the differ-
ence in response amplitude appears to be smaller than 
prior studies that have shown substantially smaller task-
evoked VASO signal change in neocortical regions (Huber 
et al., 2017). The observed discrepancy is hypothesized 
to reflect true regional vascular characteristics and 
reduced sensitivity of VASO to physiological noise rela-
tive to BOLD, rather than methodological factors such as 
TR/TI choice, NORDIC denoising, inflow effects, or resid-
ual BOLD contamination. This interpretation is consistent 
with previous studies showing higher arterial blood vol-
ume (Donahue et al., 2010; Rane et al., 2016) in the HC 
than in the neocortex and a similarly reduced gap in 
depth-dependent response amplitudes between BOLD 
and VASO under different acquisition settings (Häkkinen 
et al., 2025).

tSNR comparisons at both the voxel level and across 
subfields’ depths revealed similar patterns between 
BOLD and VASO, further supporting the stability and 
robustness of the optimized sequence (Figs.  7 & 8), 
although tSNR values were higher for BOLD than for 
VASO at both scales. At the voxel level, tSNR differed 
significantly across subfields, with the subiculum show-
ing lower tSNR and CA3 exhibiting the highest values, 
likely reflecting anatomical and susceptibility-related 
variation in signal quality for both contrasts rather than 
neural differences. Laminar profiles of tSNR were largely 
depth-invariant across all subfields except the subiculum 
where both BOLD and VASO showed a relatively mono-
tonic increase from SRLM to the inner surface, plateauing 
at the outer surface. The close correspondence of lami-
nar tSNR between BOLD and VASO further indicates the 
effectiveness of the optimized sequence in capturing reli-
able depth-resolved signal across HC subfields. It should 
be noted that the laminar profiles of tSNR were substan-
tially larger than the average tSNR values at voxel level. 
This increase is primarily due to averaging the signal 
across 7262 vertices within each depth bin (see Sec-
tion 2) prior to computing the laminar tSNR, reducing the 
contribution of random thermal noise. As such, the 
remaining variability in the depth-dependent tSNR is 
largely dominated by physiological noise and task-related 
fluctuations (relevant to detection sensitivity). In contrast, 

voxel-wise tSNR is directly calculated from individual 
voxels and averaged across the entire subfields ROIs that 
is presumably influenced by thermal noise (relevant to 
sequence quality assessment).

The present study has a few limitations that should be 
acknowledged. First, the observed gain in the tSNR for 
the optimized sagittal protocol comes along at the cost 
of missing the other hemisphere and the contralateral 
HC, thereby lowering the statistical power of fMRI 
response modulations. Second, the sample size was rel-
atively small (N = 13). This is particularly relevant for part 
2, the validation study, where the GLM results and the 
laminar profiles were derived from six datasets reducing 
the statistical power of the analyses. The observed effect 
sizes in Figures 5 and 6 were relatively small, which may 
be partially attributed to the limited amount of usable 
data. Although we acquired at least three functional runs 
per participant, some runs were discarded due to motion 
artifacts (see Supplementary Table S1). Moreover, each 
run contained 150 volumes after preprocessing, whereas 
in the previous BOLD-based laminar fMRI study 
(Pfaffenrot et al., 2025), 489 volumes were acquired per 
run, resulting in a larger magnitude of the depth-
dependent signal. The concomitant acquisition of BOLD 
and VASO data in our protocol leads to a lower temporal 
resolution, limiting the number of volumes that could be 
acquired within a reasonable scan duration, as extend-
ing the acquisition time to collect more volumes would 
likely compromise data quality due to motion. Consis-
tent with the small sample size, the sensitivity analysis 
demonstrated limited power to detect small effects. As 
such the observed modest effect sizes should be inter-
preted with caution, in line with the feasibility-oriented 
objective of this methodological study. Further, we 
applied NORDIC denoising (Knudsen et al., 2025; Vizioli 
et  al., 2021) to boost the tSNR of the data. However, 
recent reports suggest that NORDIC may attenuate task-
relevant signal variance (Faes et  al., 2024), potentially 
contributing to the modest effect sizes observed in our 
study. To assess the potential impact of NORDIC denois-
ing, we rerun the analysis in a randomly selected partic-
ipant without applying NORDIC and compared the 
average tSNR values in HC and voxel-wise GLM results 
for memory and math trials (see Supplementary Table S6 
and Supplementary Fig​. S5). In the absence of NORDIC, 
both HC tSNR and surviving significant clusters were 
markedly decreased. As such, we opted to proceed with 
NORDIC-denoised data at the potential cost of response 
amplitudes (Faes et al., 2024). Nevertheless, it should be 
highlighted that the potential influence of NORIDC on 
response amplitudes warrants further investigation. 
Lastly, we used the default canonical HRF from SPM12, 
whereas prior work has shown that subcortical regions 

https://doi.org/10.1162/IMAG.a.1197#supplementary-data
https://doi.org/10.1162/IMAG.a.1197#supplementary-data
https://doi.org/10.1162/IMAG.a.1197#supplementary-data
https://doi.org/10.1162/IMAG.a.1197#supplementary-data
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may exhibit distinct HRF nonlinearities compared with 
the neocortex (Lewis et  al., 2018). To evaluate robust-
ness of the observed activation patterns to HRF idiosyn-
crasies, we rerun voxel-wise GLM analysis using (i) the 
canonical HRF plus temporal derivatives and (ii) a finite 
impulse response (FIR) model in a representative partic-
ipant. The activation maps for the memory > math con-
trast obtained with the canonical HRF with temporal 
derivatives were nearly identical to those modeled with 
the canonical HRF alone both for BOLD and VASO that 
might be due to the relatively long TR used here com-
pared with the HRF time dynamics. Implementing an FIR 
model (with 9 seconds window length and 3 bins) yielded 
a similar activation pattern, albeit with reduced spatial 
extent (see Supplementary Fig​.  S6). This reduction is 
expected because the FIR model introduces more 
regressors per condition, decreasing statistical efficiency 
and thereby lowering sensitivity. Altogether, these addi-
tional analyses suggest that the observed activity maps 
are not driven by the assumptions about the shape of the 
HRF response.

The primary goal of this study was to evaluate the fea-
sibility and validity of an HC-tailored VASO protocol, both 
of which are supported by our findings. Nevertheless, 
future studies with larger cohorts and optimized model-
ing of HRF will be necessary to achieve a higher statisti-
cal power. In conclusion, this study demonstrates that 
mesoscale VASO, when carefully optimized, is a viable 
tool for resolving laminar activation profiles in human HC. 
The protocol’s reproducibility across 7T platforms and 
sensitivity to task-evoked signals establish a strong foun-
dation for future research to explore the depth-dependent 
properties of the HC subfields during complex cognitive 
functions and their alterations in neurodegenerative dis-
eases and epilepsy. In the latter context, circuit-level 
alterations in HC, particularly in CA1, have been impli-
cated in the heterogeneity of macroscale manifestations 
in temporal lobe epilepsy. EEG and conventional fMRI 
blur signal across parallel microcircuits, potentially mask-
ing deep vs superficial CA1 differences or subfield-
specific patterns that might influence seizure onset, 
propagation, and clinical outcomes. By reducing draining-
vein bias, mesoscale VASO may provide a promising 
avenue to disentangle these pathways in vivo and 
improve presurgical mapping and phenotyping (Aitken 
et al., 2025; Farrell et al., 2019).
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