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Synopsis
Sensing microstructural characteristics of human brain tissue with clinical scanners has been an area of heated debate in the diffusion MRI (dMRI)
community . In this work we propose that diffusion MRI on clinical scanners is sensitive to the presence of spindle neurons.

Spindle neurons, located in the insular and anterior cingular cortices, are only present in mammals with high cognitive functions. Albeit this neurons'
role is not yet known, evidence suggests they facilitate rapid long-range information integration.

In this work, we provide theoretical and in-silico evidence that the dMRI signal is sensitive to the presence of spindle neurons as well as preliminary
evidence on human dMRI images.

Introduction
Sensing microstructural characteristics of human brain tissue with clinical scanners has been an area of heated debate in the diffusion MRI (dMRI)
community [1,2]. We present evidence that, if we focus on the cortex, specifically in the insula and anterior cingulate cortex (ACC), the unique
characteristics of the cellular population in these gyri allow using clinical-grade scanners to sense the presence of spindle neurons. Spindle neurons
(SNs), uniquely localised in the insula and ACC, are thought to play an important role in goal-directed behaviours and emotional regulation [3].
However, there is a lack of tools enabling the study of SNs population characteristics and their link to brain function and behaviour.

We present, for the first time, evidence that SNs induce an attenuation to the dMRI signal. This opens up the possibility of testing the hypotheses
linking SNs to function and behaviour non-invasively in human subjects.

Experiments and Results
We first examined the feasibility of detecting diffusion in compartments of the volume of SNs, based on Jelescu et al [1, eq 37] which models
diffusion transversal to the cell as within a disc. Using their parameters, the expected attenuation of the dMRI signal at 40 mT/m and a gradient pulse
length (δ) of 10.6ms agreeing with the Human Connectome Project (HCP), and a very large pulse separation (Δ). We assumed SNs spherical of
volume 10,000um  [5]. The attenuation S will decay as -ln S = 2.2197. This means that we can expect a signal decay of around 89%.

Using Balinov et al [6, eq 4] long time regime for the sphere the same δ:

-ln S = 0.4758 (37% decay, Gmax = 40 mT/m, i.e. normal clinical scanner)
-ln S = 2.180 (88% decay, Gmax = 80 mT/m, i.e. PRISMA clinical scanner)
-ln S = 3.674 (97% decay, Gmax = 100mT/m, i.e. HCP scanner)

Moreover, using the more appropriate Balinov model [6] for diffusion in a sphere at limited
diffusion time (τ=Δ-δ/3) and the HCP acquisition parameters: Δ/δ=43.1/10.6ms, B  = 3000
s/mm  (G  = 100 mT/m) and water diffusion constant D=2.4 um  / ms we obtain -ln S = 1.7570
which means a signal decay of 83%. Hence, attenuation is much larger than SNR. In
consequence, we can measure diffusion inside of these cells if we assume that the soma is
simple enough that we can model it as an empty space.

To bring our theoretical results closer to real scenarios we used 3-dimensional microscopic
reconstructions of SNs (see Fig. 1, left) [7]. We simulated the dMRI signal considering the
SNs as hollow, filled with water and with purely reflecting boundaries [8]. Our results back our
hypothesis that the SNs, even in the case of complex geometry, induce a significant decay in
the dMRI signal (Fig 1., center), specifically a 60% decay is observable at low b-values of
1000s/mm , provided that the acquisition protocol is appropriate. Furthermore, our simulated
results show that the Return-to-Origin Probability (RTOP) is appropriate for assessing cellular
population characteristics in the human cortex. At limited diffusion times, RTOP is driven by
the surface-volume ratio of closed compartments in the probed tissue and, as diffusion time
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increases, is solely driven by volume [9]. Our results show that RTOP, which we fit according
to Fick et al [2], evolves over Δ with the expected convergent decay and that some SNs are
distinguishable at different diffusion times (see Fig 1. right).

Finally, as proof of concept, we analysed the RTOP values on the human insular cortex. For
this, we used a sample of the HCP dataset [10], we fit the multi-shell signal with a graphnet-
regularised qτ-dMRI model [2] and then computed the RTOP at the voxel level on the insular
cortex. Finally, for each subject, we projected the RTOP measures over the cortical mesh
obtained through the freesurfer pipeline and averaged it across subjects (see Fig. 2). Our
preliminary results show an RTOP gradient starting at the insular pole and evolving along the
dorsal axis on both hemispheres. We hypothesise that this gradient is driven by the presence
of the SNs and is in agreement with the granular-dysgranular characterisation of the insular
cortex [3].

Discussion
We presented, evidence that SNs induce a decay on the dMRI signal. To test our hypothesis, we provided evidence from three angles: theoretical
evidence based on simple signal models conceiving the SNs as spheres; simulations of the dMRI signal in microscopically-obtained 3D SN models
assuming that cell organelles don't alter the dMRI signal significantly; finally, by analysing the HCP dataset and linking RTOP, which we argue is a
good subsidiary of SNs population characteristics, with current hypotheses on the neuronal layer configuration of the insula and SN presence.
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Figures



Left: Rendered models for three Spindle Neurons on the frontoinsular cortex of a 24-year old male. Middle: Attenuation induced by each spindle
neuron averaged across all directions, the shaded area indicates the 1-standard deviation envelope. The simulated acquisition protocol equal to the
one used by HCP. Left: RTOP over pulse separation. Simulated acquisition protocol equal to the HCP one but with varying pulse separation time. The
grey area indicates simulated pulse separation time area and the dashed black line the HCP pulse separation time (43.1ms).

Average RTOP over 120 subjects of the HCP dataset. RTOP computed at the voxel level [2] and then sampled on the mid-thickness surface
produced by the freesurfer pipeline [9]. Individual maps were then overlaid on MNI-transformed surfaces and averaged. Results seem to follow the
granular/dysgranular gradient of the insular cortex [3].

https://submissions.mirasmart.com/ISMRM2018/ViewSubmissionFile.aspx?sbmID=5667&fileID=1
https://submissions.mirasmart.com/ISMRM2018/ViewSubmissionFile.aspx?sbmID=5667&fileID=2

