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345
Figure 5. Inflated mid-gray matter surface meshes were created to visualize tonotopic maps coming from
the VASO data. On the right of each inflated surface, tonotopic maps are displayed for both hemispheres
of the two participants. Heschl’s gyrus is outlined in black. The expected tonotopic high-low-high
frequency preference gradient is respected.
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347 4. Discussion

348  Despite the fact that layer-fMRI VASO can provide valuable information in sub-millimeter and
349 layer-fMRI applications (Finn et al., 2019; Huber et al., 2015, 2017; Huber, et al., 2021; Yu et
350 al., 2019), it has not been successfully applied in the human auditory cortex. This is in contrast
351  to GE-BOLD, which has been used to image laminar and columnar responses in the temporal
352 lobe (Ahveninen et al., 2016; De Martino et al., 2015; Gau et al., 2020; Moerel et al., 2019). In
353 this study, we aimed at implementing, testing, optimizing, and validating a VASO protocol for
354  laminar fMRI investigations of the auditory cortices. As a proof of concept, we applied the
355  final VASO protocol to map tonotopic responses in the bilateral auditory cortex.

356 Starting from a protocol that was previously successfully used (Huber et al., 2021b),
357  the location and vascular physiology of the auditory cortex resulted in several artifacts. This
358 required us to reconsider acquisition parameters and approaches that have helped to
359  improve layer-fMRI applications but whose proof of generalizability across brain areas is still
360 limited. The need to account for the specific vascular physiology of the auditory cortex,
361 resulted in using a readout time shorter than the cardiac cycle and optimization of the
362 inversion pulse (figure 1). To evaluate possible physiological contamination when using the
363  standard 3D readout in VASO, we considered the use of a 2D readout. To develop an efficient
364 2D protocol for VASO, we combined techniques (such as FLEET for GRAPPA reconstruction
365 and SMS acquisition) which are often used (in auditory neuroscience studies) when collecting
366  submillimeter GE-BOLD data. To our surprise, while these approaches showed the expected
367 utility in the GE-BOLD data, they did not result in the expected increase in sensitivity when
368 considering the VASO data (figure 1). Study 1 resulted in two optimized protocols (2D and 3D
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369 readout) for VASO fMRI in the temporal lobe. Their comparison (study 2) showed an increased
370  stability and SNR when using the 3D-EPI readout, despite its susceptibility to physiological
371 noise. Note that the benefit for the 3D readout was particularly visible in the VASO time series
372  (and not the BOLD data). It has been previously shown that the superiority of 2D-SMS or 3D-
373  EPI readout strategies at 7T in conventional BOLD is highly dependent and specific to the
374  acquisition and analysis details including the TR, acceleration factor, resolution, physiological
375 noise correction and number of slices (Huber et al., 2018a; Jorge et al., 2013; Le Ster et al.,
376 2019; Reynaud et al., 2017; Stirnberg et al., 2017). The BOLD results presented here are in
377  agreement with this literature (see supplementary figures 1, 2 and 3).

378 We examined laminar profiles of activation elicited by the sounds presented in study
379  2.Similarly to previous studies investigating the specificity of laminar functional responses in
380 auditory cortex (Moerel et al., 2018 - using 3D-GRASE), we did not observe a clear peak in
381  functional response in middle cortical depths. The nature of the stimulation, and analysis
382  could underlie this observation. First, as the auditory stimuli we presented in study 2
383  comprised complex dynamic sounds presented for about 20 seconds, it is unclear what the
384  expected neural laminar profile would be in absence of any control for attention or another
385  task.Second, we defined regions of interest for the laminar profiles based on macro-anatomy
386  (anterior HG) or activation. The effect that this has on sampling the laminar activation profiles
387 in auditory regions whose cytoarchitecture overlaps only partly with macro-anatomical
388 features (see e.g. Gulban et al., 2020) is beyond the scope of this paper but could be an
389 interesting venue for future investigations. What we did observe was that while the signal in
390 the upper layers has the tendency to be larger than in middle and deeper layers, the signal
391  decreases again at the pial surfaces. This is expected due to VASO’s insensitivity to large pial
392  veins. As expected, GE-BOLD data resulted in an increased response towards superficial layers
393  (supplementary figures 2 and 3) without a reduction on the pial surface. This profile is
394  characteristic of GE-BOLD submillimeter acquisitions and is resulting from vascular draining
395 and the contribution of large vessels on the cortical surface. If confirmed when analyzing a
396 larger sample, a more controlled stimulus design, and within a more extended portion of
397 temporal areas, the fact that vein-free VASO signal changes (Kim et al., 2013) within GM
398  decrease as a function of cortical depth, could be interpreted as a validation of previous BOLD
399 results (e.g. indicating that the signal trends visible in the BOLD signal in temporal areas
400 cannot be solely explained by draining vein effects alone). It is important to note that while
401  we here demonstrate that VASO auditory responses are not affected by draining and large
402  vascular contributions on the cortical surface, we do not imply that in presence of careful
403 controls (Kok et al., 2016; Lawrence et al., 2019; Moerel et al., 2018) or using modeling
404  techniques (Havlicek et al., 2015; Markuerkiaga et al., 2016) GE-BOLD data cannot be used to
405 investigate laminar cortical processing.

406 As a first proof of concept of the usability of VASO fMRI for the investigation of cortical
407  processing in the temporal lobe, we presented results from a tonotopic experiment. Neurons
408  throughout the auditory pathway display preferential tuning to the sound frequency (Winer
409 & Schreiner, 2011) and using fMRI the topographic arrangement of frequency preference
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410  (tonotopy) can be mapped in single individuals (Ahveninen et al., 2016; Da Costa et al., 2015;
411 Formisano et al., 2003; Moerel et al., 2014). Tonotopy shows a typical topography with a low
412  frequency region residing primarily on the HG and regions preferring high frequency
413  bordering it both posterior medially and anterior laterally (for a description see e.g. Moerel
414 et al.,, 2014). This characteristic topography makes tonotopy a possible benchmark for
415  auditory functional acquisitions. The large scale tonotopic gradient covering the superior
416  temporal plane was visible in the VASO data. This initial promising result opens the venue to
417  further investigations on the specificity of the VASO signal across cortical depths (Moerel et
418  al., 2018).

419 In both study 2 and 3 we opted for a continuous stimulation protocol (i.e. with sounds
420 overlapping with the scanner noise). This choice was driven by initial investigations (study 1)
421  that showed weak effect size for a strategy more conventional in auditory fMRI (i.e. a sparse
422  design-Halletal., 1999). A possible reason for this is the relatively short duration of the silent
423  gap inherent in the VASO acquisition (900 ms) compared to the scanner noise time (~2.5
424  seconds), making a sparse design highly inefficient in our case despite its quiet stimulation
425  characteristics. The acquisition protocol we provide here could serve as the basis of future
426  investigations directed at optimizing sound presentation in auditory VASO fMRI. We
427  nevertheless consider it reassuring that despite the fact that we opted for presenting sounds
428  also simultaneously with the scanner noise, tonotopic maps resulting from the VASO (figure
429  5)and BOLD acquisition (supplementary figure 4) conform to the expected topography.

430 Despite the shown applicability of VASO for auditory fMRI, we deem it necessary to
431  outline some limitations (many not specific to auditory studies) that require consideration
432  when setting up a neuroscientific (laminar) fMRI study. While VASO is more sensitive to
433  microvascular CBV increases, it is also characterized by a reduced detection sensitivity (as
434 indicated by generally lower z-scores in figures 2, 3 and 4 than in supplementary figures 1, 2
435 and 3). To compensate for this effect a typical approach is to average across runs. As a result,
436  extending averaging across sessions would require careful consideration of approaches for
437 inter session alignment (and placement) of the relatively small slab (12 slices in our case).
438  Future investigations may have to address issues related to detection sensitivity and its
439 dependence on experimental design and sound presentation schemes. In addition, when
440 using VASO, functional runs are typically acquired with an identical design as averaging is
441 performed on the raw time series before BOLD correction to limit noise amplification. This
442  calls for careful balancing of conditions within functional runs. To increase sensitivity we also
443  employed long stimulation periods (block design). Evaluating the sensitivity of event-related
444  functional responses with VASO (Dresbach et al., 2022) would increase its usability (e.g. to
445  prediction-error related responses in typical oddball designs). Moreover, alternative
446  approaches for increasing sensitivity such as denoising (e.g. NORDIC - Vizioli et al., 2021),
447  should be considered in future investigations. Finally, while to compensate for physiological
448 noise effects we decided to use a readout train shorter than the cardiac cycle, in the future it
449  may be interesting to consider higher order physiological noise correction methods in k-
450  space.
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451 We believe that the significance of this work is multi-fold. In study 2 we developed a
452  ready-to-use acquisition protocol for the user base of application-focused neuroscientists.
453 The sequence binaries and the importable protocols are publicly available via ‘SIEMENS’
454  sequence ‘app-store’ on TEAMPLAY for any users of a ‘classical’ MAGNETOM 7T, which is the
455  most widely used 7T scanner version around the world today. Users of other scanner versions
456  and vendors will benefit from this protocol-development study as they can re-implement the
457  acquisition approaches as described in study 1. Additionally, our protocols may allow
458 application studies that are not straightforwardly addressable with the vein-bias of
459  conventional GE-BOLD, such as single-task condition experiments. In such experiments,
460  utilizing the developed VASO protocols alongside with BOLD can be useful to augment the
461 understanding of the neurovascular origin of the fMRI signals. Other example studies, where
462  acquiring VASO and GE-BOLD simultaneously may be beneficial, might be related to research
463  questions of altered vascular baseline physiology (e.g. in studies about pharmacological
464 interventions, aging, and surgical interventions). Furthermore, we think that the
465  concomitantly acquired VASO and BOLD data can be useful to calibrate existing layer-fMRI
466  BOLD models (Corbitt et al., 2018; Havlicek et al., 2015; Heinzle et al., 2016; Markuerkiaga et
467 al., 2016; Marquardt et al., 2018; Merola & Weiskopf, 2018; Puckett et al., 2016) and extend
468  their applicability across brain areas. For example, future GE-BOLD studies that want to apply
469  venous-deconvolution model-inversion and may not find an increased response in the middle
470 layers, can use the data we present here to increase the confidence in their results. The
471 imaging protocol developed here can have implications beyond the auditory cortex. The
472  auditory cortex is not the only brain area challenged by proximal macro-vessels with
473  substantial physiological noise. There are many other brain areas in which sub-millimeter
474  VASO was not successfully applied until now, for example, hippocampus, insular cortex,
475  claustrum, entorhinal cortex, and thalamic nuclei. The protocol developed here is designed
476  to mitigate the challenges of such brain areas and may be useful to address neuroscientific
477  research questions in those brain areas as well. Finally, the main aim of this work was to
478  provide the auditory research community with a viable VASO protocol for laminar fMRI
479  studies.

480 To conclude, our results demonstrate that, when using optimized parameters, VASO
481  can be used to investigate cortical responses in the bilateral temporal cortex. While VASO has
482 a lower detection threshold compared to GE-BOLD, it is believed to be dominated by
483  microvascular CBV increase close to the site of neural activity changes. A combined
484  acquisition approach of BOLD and VASOQ, as described here, may allow benefitting from the
485  quality features of each method.
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