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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/ISR-lab/RSA_ Cortical reorganization and its potential pathological significance are being increasingly studied in muscu-
HC loskeletal disorders such as chronic low back pain (CLBP) patients. However, detailed sensory-topographic
maps of the human back are lacking, and a baseline characterization of such representations, reflecting
the somatosensory organization of the healthy back, is needed before exploring potential sensory map
reorganization. To this end, a novel pneumatic vibrotactile stimulation method was used to stimulate paraspinal
sensory afferents, while studying their cortical representations in unprecedented detail. In 41 young healthy
participants, vibrotactile stimulations at 20 Hz and 80 Hz were applied bilaterally at nine locations along
the thoracolumbar axis while functional magnetic resonance imaging (fMRI) was performed. Model-based
whole-brain searchlight representational similarity analysis (RSA) was used to investigate the organizational
structure of brain activity patterns evoked by thoracolumbar sensory inputs. A model based on segmental
distances best explained the similarity structure of brain activity patterns that were located in different areas
of sensorimotor cortices, including the primary somatosensory and motor cortices and parts of the superior
parietal cortex, suggesting that these brain areas process sensory input from the back in a “dermatomal”
manner. The current findings provide a sound basis for testing the “cortical map reorganization theory” and
its pathological relevance in CLBP.
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1. Introduction

In the vast majority of patients with chronic low back pain (CLBP),
no clear-cut physiological or anatomical pathology can be identified
(Maher et al., 2017; Maher and Ferreira, 2022). Mounting evidence
suggests that CLBP is linked to cortical alterations (Brumagne et al.,
2019; van Dieén et al., 2017; Vittersg et al., 2022). Reorganization of
the primary somatosensory cortex (S1) map, i.e., altered somatotopic
representation of the back, is considered a prominent example of mal-
adaptive cortical alterations in CLBP (Brumagne et al., 2019; van Dieén
et al., 2017; Wand et al., 2011; Flor et al., 1997). Yet, it is difficult to
position findings of S1 map reorganization in CLBP within a coherent
narrative, because only very little is known about the somatosensory
representation of the human back in general. Detailed somatosensory
maps of the back are lacking. Specifically, there is no knowledge of

the somatosensory representational organization of paraspinal sensory
input along the thoracolumbar axis. A baseline characterization of
such representations, reflecting the somatosensory organization of the
healthy back, is needed as a basis for further investigations of potential
sensory map reorganization.

A suitable approach for cortical mapping of sensory representa-
tions from different body parts is based on vibrotactile stimulation.
Paradigms using vibrotactile stimuli are an established method for
assessing the cortical topographic representations of different body
parts (Goossens et al.,, 2016; Harrington and Downs III, 2001; Kim
et al., 2016; Schellekens et al., 2021; Willoughby et al., 2021). Me-
chanical afferent inputs, including vibration, are transformed via signal
transduction into electrical signals and relayed via primary afferents to
the dorsal column-medial lemniscus pathway before being transmitted
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via the brainstem through the thalamus to the sensorimotor cortices
(Kandel et al., 2013). Vibrotactile stimulation at specific frequencies
can be used to assess cortical responses to the activation of different
mechanoreceptors (Harrington and Downs III, 2001; Kim et al., 2016).
More specifically, it has been shown that certain mechanoreceptors,
such as Meissner corpuscles or Merkel disks, are activated at lower
frequencies and deeper located Pacinian corpuscles or muscle spindles
at higher frequencies (Avanzino et al., 2014; Schellekens et al., 2021;
Weerakkody et al., 2007).

To apply vibrotactile stimulation to the back, a novel apparatus,
the pneumatic vibration device (pneuVID), was recently developed
(Cole et al., 2022; Schibli et al., 2021). It can apply controlled vi-
brotactile stimuli across different segments of the thoracolumbar axis
at specific frequencies, and has been validated for use in magnetic
resonance imaging (MRI) environments for functional (fMRI) data ac-
quisition (Schibli et al., 2021). Furthermore, the usefulness of pneuVID
in assessing neural representations of the human back has recently
been tested using univariate statistical neuroimaging techniques (Cole
et al., 2022). Univariate fMRI analysis based on net blood oxygena-
tion level-dependent activity levels is a first step towards exploring
cortical representations of different body parts. However, it cannot
easily provide a deeper understanding of cortical (topographic) orga-
nization (Makin and Flor, 2020; Popov et al., 2018); for example, in
the current context, revealing the organizational structure of cortical
representations of paraspinal sensory inputs along the thoracolumbar
axis.

Multivoxel pattern analysis techniques such as representational sim-
ilarity analysis (RSA) can reveal how neural information is architec-
tonically represented and allows for assessing and relating measured
neural activity to computational and behavioural models (Kriegeskorte
et al., 2008; Popal et al., 2019; Ejaz et al., 2015; Dimsdale-Zucker and
Ranganath, 2018; Dimsdale-Zucker et al., 2018). Pattern information
is stored in a representational dissimilarity matrix (RDM), the cells
of which quantify the spatial dissimilarity in neural activation for
each pair of experimental conditions, thereby reflecting the (spatial)
organizational structure of brain activity patterns. This so-called brain
RDM can then be tested for the strength of agreement with the RDM of
an explanatory model (model RDM).

Using RSA, this study aimed to provide novel insights into the
cortical sensory-topographic representations of the back, specifically
of paraspinal vibrotactile stimulation across different thoracolumbar
segments at two specific frequencies (20 and 80 Hz). A whole-brain
searchlight analysis (Nili et al., 2014) was performed to test for brain
RDMs with significant agreement with model RDMs that reflect dif-
ferent degrees of brain pattern distinguishability w.r.t. thoracolumbar
segmental sensory input. The best-fitting model was hypothesized to
yield informative (model-consistent) brain activity patterns primar-
ily located in somatosensory cortices, thereby revealing brain areas
that share specific neural information related to segmental paraspinal
sensory input.

2. Material and methods

2.1. General study design

The study followed a within-subject experimental design including
one MRI session with vibrotactile stimulation of the back. Study ap-
proval was obtained from the ethics board of the Canton of Zurich. The
study adhered to the principles of the Declaration of Helsinki. Written
informed consent was obtained from all participants.
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2.2. Participants

All participants (N = 41, 25 women) were healthy pain-free adults
between 18 and 39 years of age (29.6 + 5.2 years) and a body mass in-
dex below 30 kg/m? (22.4 + 2.6). Exclusion criteria were the presence
of any back pain within the past three months, any history of chronic
pain, prior spine, foot, or ankle surgery, any history of psychiatric or
neurological disorders, excessive consumption of alcohol (>2 standard
glasses/d for women, >4 standard glasses/d for men), other intoxicants,
or analgesics within the past 24 h, impairments of the motor system,
and MRI contraindications.

2.3. Testing procedure

2.3.1. Participant setup

Nine spinous processes, T3, T5, T7, T9, T11, L1, L3, L5, and S1
(T = thoracic, L = lumbar, S = sacral), were identified on the back
of every participant by an experienced physiotherapist for subsequent
attachment of the pneuVID units. For the duration of the experiment,
participants were lying in a supine position on the bed of the MRI
scanner with their eyes open.

2.3.2. Pneumatic Vibration Device (pneuVID)

Full details on the pneuVID methodology and its integration into the
MRI environment have previously been outlined (Schibli et al., 2021;
Cole et al., 2022). In short, pneuVID units were attached bilaterally
to the identified spinous processes over the erector spinae muscles. A
valve box delivered pulses of compressed air to the pneuVID units,
and a control module (Raspberry Pi, Cambridge, UK) connected the
stimulation setup to the MR system. Prior to the fMRI data acquisition,
a sensory testing session was performed to ensure that participants were
able to distinguish between the sensations evoked by the two stimu-
lation frequencies and to rule out lateralization of sensory perception
along the thoracolumbar axis.

2.3.3. Stimulation protocol

Stimulation was applied at frequencies of 20 and 80 Hz. Amplitudes
ranged from 0.5 to 1 mm because a fixed amplitude could not be
guaranteed due to material properties of the vibrational units (Schibli
et al., 2021). Each stimulus had a duration of five seconds, with a
jittered interstimulus interval between 4 and 7s. Two experimental runs
were performed with six stimuli per location and frequency, that is, 108
stimuli per run (9 locations - 2 frequencies - 6 stimuli = 108 stimuli).
The stimulation order was pseudorandomized between participants,
with the restriction of a maximum of three consecutive stimuli at the
same location or frequency. The air pressure of the delivered pulses was
maintained constant at 1.5 bar during the experiment.

The two stimulation frequencies of 20 and 80 Hz were chosen be-
cause they have been suggested to activate different tactile and propri-
oceptive afferents of superficial and deep mechanoreceptors (Avanzino
et al., 2014; Roll et al.,, 1989; Schellekens et al., 2021). Meissner
corpuscles are targeted at approximately 20 Hz, whereas frequencies
around 80 Hz have been shown to be a potent stimulus for activating
muscle spindles, which are the main proprioceptors in the human body
(Biggio et al., 2021; Proske and Gandevia, 2012). However, it should
be noted that these frequency-mechanoreceptor relationships are not
exclusive, as for example Pacinian corpuscles may also be co-stimulated
during 80 Hz stimulation (bandwidth between 50 and 400 Hz) and
have been shown to transmit proprioceptive information through skin
stretch (Chung et al., 2013; LaMotte and Mountcastle, 1975; Talbot
et al.,, 1968; Weerakkody et al., 2007). Hence, a perfectly isolated
examination of the stimulated mechanoreceptor type is not realistic in
the current experimental context.
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2.3.4. Neuroimaging data acquisition

Data acquisition was performed on a Philips Achieva 3T MRI scan-
ner with a head coil of 32 channels (Philips, Best, The Netherlands).
Each stimulation run lasted 22.5 min. Per run, 750 volumes of echo-
planar imaging (EPI) were acquired with T2*-weighting (TR = 1.8 s;
TE = 34 ms; flip angle = 70°; 54 interleaved ascending axial slices
with multiband factor 3; in-plane resolution = 1.72 - 1.72 mm?; slice
thickness = 2.0 mm with no slice gap; sensitivity encoding factor =
1.4; EPI factor = 87). Between the two runs, a T1-weighted anatomical
scan was acquired (sequence = MPRAGE; TR = 6.6 ms; TE = 3.1 ms; flip
angle = 9°; field of view = 230 - 226 - 274; voxel size = 1.0-1.0-1.2 mm?;
turbo field echo factor = 203) resulting in a total scan duration of
approximately 50 min per participant.

2.4. Representational Similarity Analysis (RSA)

The Python Representational Similarity Analysis toolbox (rsatool-
box v.0.0.4) (Kriegeskorte et al., 2021) was used to implement RSA.
It was carried out on Jupyter Notebooks v1.0.0 (Project Jupyter, 2021)
with Python v3.8.10 (Python Software Foundation, Delaware, USA) and
NiBabel v3.2.2 (Brett et al., 2022), Nilearn v0.9.0 (Abraham et al.,
2014), NLTools v0.4.5 (Chang et al., 2021), Pandas v1.4.1 (McKin-
ney and the Pandas Development Team, 2022), and Seaborn v0.11.2
(Waskom, 2021). RSA was run in a supercomputing environment (Sci-
enceCloud, University of Zurich, Switzerland).

2.4.1. Data pre-processing

Pre-processing of the neuroimaging data followed a previously pub-
lished pipeline (Cole et al., 2022).

For every participant, mean activation contrasts (Z-transformed ¢-
value maps) normalized to the Montreal Neurological Institute (MNI)
standard space (2 mm isotropic voxels) were obtained for each of the
nine conditions, corresponding to the nine paraspinal locations (see
supplementary figure [S2] in (Cole et al., 2022) for individual brain
activation maps). Using FSL FEAT, first-level analysis outputs were
assessed on the participant level to test for mean representation of
contrast parameter estimates per run. Separate contrasts were defined
for the two stimulation frequencies, i.e. for 20 Hz and 80 Hz compared
to baseline (unsmoothed data).

2.4.2. Searchlight approach

In a RSA searchlight analysis, a small volume is moved over a
pre-defined brain region (Dimsdale-Zucker and Ranganath, 2018). In
the present study, a whole-brain spherical searchlight analysis was
performed with a searchlight diameter of 5 voxels (Kriegeskorte et al.,
2006; Etzel et al., 2013), resulting in a total of 155,815 searchlights.

2.4.3. Representational Dissimilarity Matrices of neural activation (Brain
RDMs)

For every participant, a 9 - 9 brain RDM was created for each
contrast. A single RDM contains the dissimilarity information of neural
activation patterns for every pair of experimental conditions, i.e., for
every pair of stimulated paraspinal locations. By way of construction,
every brain RDM is symmetrical with a diagonal of zeros regardless
of the dissimilarity measure chosen. In this study, the dissimilarity
was quantified using the crossvalidated Mahalanobis distance (Cross-
nobis), which gives an estimate of the geometric distance between
two activation patterns taking into account noise covariance and using
data partitioning for crossvalidation (Kriegeskorte et al., 2006; Walther
et al., 2016). Crossnobis has been shown to be the most reliable
dissimilarity measure for multivoxel pattern analysis (Walther et al.,
2016).
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2.4.4. Model Representational Dissimilarity Matrices (Model RDMs)

Fig. 1 shows the schematics and the entries of the three experimen-
tal model RDMs that were used for RSA. The three models represent
different degrees of spatial distinguishability of brain activity pat-
terns evoked by paraspinal sensory inputs across the thoracolumbar
segments.

First, the segmental model reflects the organization of brain ac-
tivity patterns that resemble the organizational principles of human
dermatome maps of the back (Downs and Laporte, 2011). Paraspinal
sensory input from neighbouring segments should result in more similar
patterns than that from segments located farther apart; that is, increas-
ing anatomical distance should lead to higher dissimilarity in patterns.
The dissimilarity entries in the segmental model RDM thus increase by
0.1 with distance (except for L5 to S1, which was a priori set to 0.05,
owing to the comparatively shorter physical distance between these
segments on the back).

Second, the simple model only distinguishes between the thoracic
(T3-T11) and lumbosacral (L1-S1) regions; therefore, it categorially
differentiates between upper and lower back paraspinal sensory input.
As such, the simple model RDM contains zeros (i.e., total similarity) for
pairs within the same region and ones (i.e., total dissimilarity) for pairs
within distinct regions.

Third, the random model corresponds to an arbitrary distribution of
brain activity patterns induced by segmental sensory input. This model
contained no explanatory information and was used as a control in the
model comparison.

2.5. Representational similarity analysis

To compare brain RDMs to model RDMs, Kendall’s rank correlation
coefficient (Kendall’s 7,) was used (Kendall, 1970), a robust measure for
models predicting tied ranks (Nili et al., 2014; Popal et al., 2019). For
every subject, this resulted in a vector of correlation coefficients whose
length corresponds to the number of searchlights. The coefficients were
Fisher-z transformed (Walker, 2003).

Using FSL Randomise (FSL v5.0.9, FMRIB Software Library, Uni-
versity of Oxford, UK), to compute the p-value, 10,000 permutations
were performed to obtain a null distribution of z scores. Threshold-free
cluster enhancement (TFCE) was then applied to group-level cluster
identification, allowing for a family-wise error (FWE) below 5% (Smith
and Nichols, 2009). Between-model comparisons were performed based
on difference maps created by subtracting one of the two respective z-
maps from the other for every subject, before applying a one-sample
t-test and TFCE with FWE correction.

The analyses were performed separately for 20 and 80 Hz stim-
ulations. Additionally, the models were tested on difference maps
contrasting the 20 and 80 Hz conditions.

3. Results
3.1. Segmental model

The segmental model demonstrated significant agreement with the
organizational structure of brain activity patterns located in medial
parts of the S1, consistent with the assumed location of the back
between the representations of the hip and shoulder according to the
sensory homunculus (Penfield, 1947), superior parietal cortex (SPL),
and M1 regions for both, 20 and 80 Hz conditions (pFWE < 0.05,
Fig. 2, Table 1). At 20 Hz, significant model-consistent brain activity
patterns were restricted to two small, right-lateralized clusters, mostly
within the S1 and the SPL. These clusters were primarily located within
Brodmann area (BA) BAS5 and, to a lesser extent, BA7, BA2, BA1, BA3b,
BA4p, and BA6. At 80 Hz, significant model-consistent brain activity
patterns were observed in bilateral sets of brain areas within the SPL,
S1, and M1. Again, the clusters were primarily located within BA5 and
extended into BA7, BA2, BAl, BA3a, BA3b, BA4a, BA4p, and BA6.
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Fig. 1. Representational Dissimilarity Matrices for the three experimental models (model RDMs). A: Colour-coded schematics of the model RDMs (segmental model, simple model,
random model) with vertical bars indicating the dissimilarity colour scale (0 = total similarity; 1 = total dissimilarity). B: Numerical entries of the three model RDMs. Lines and
columns are labelled according to the nine stimulated spinous processes 73-S1 (T = thoracic, L = lumbar, S = sacral).

80 Hz

Crossnobis

Crossnobis
32% 3%

P=0.05 mu— P = 0.0001 z=66
20 Hz z=72

Fig. 2. Brain areas showing significant agreement (representational similarity) of brain activity patterns to the segmental model representational dissimilarity matrix (RDM). Horizontal
colour bars represent significant p-values following permutation testing for the 80 Hz (cyan-magenta) and 20 Hz (dark green-light green) conditions. Only clusters that survived
threshold-free cluster enhancement with family-wise error correction (P < 0.05) are shown. Statistical maps were overlaid on representative axial slices in the z-plane of the
background image of the T1 template in the Montreal Neurological Institute (MNI152) standard space. R = right hemisphere. L = left hemisphere. Arrows indicate the best brain
RDM fits to the segmental model RDM for the 20 and 80 Hz conditions (see Table 1 for the exact searchlight centres (peak coordinates)). Lines and columns of the brain RDMs
are labelled according to the nine stimulated spinous processes T3-S1 (T = thoracic, L = lumbar, S = sacral). The vertical colour scales represent the degree of dissimilarity, as
quantified by the crossnobis distance. L = left, R = right hemisphere.

Table 1
Cluster information for identified brain regions using the segmental model.

Frequency Number of voxels Peak p-value Peak x Peak y Peak z COG x COGy COG z Brain regions
20 Hz 155 <0.0001 20 —52 64 22 —44 64 R and L: BA5, extending into BA7, BA2, BA1, BA3b, BA4p, BA6
80 Hz 3039 <0.0001 28 -36 46 0 -40 60 R and L: BAS5, extending into BA7, BA2, BA1l, BA3a, BA3b, BA4a, BA4p, BA6

Clusters of voxels identified using the segmental model representational dissimilarity matrix (based on a 5-voxels diameter searchlight, 10,000 permutations with threshold-free
cluster enhancement and family-wise error (p < 0.05) correction. For every cluster, the locations of the peak p-value (searchlight centres) and the centre of gravity (COG) are given.
R = right hemisphere. L = left hemisphere. BA = Brodmann area.
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Crossnobis
2992

2435

80 Hz
p =0.05 === p = 0.0001

z=72

Fig. 3. Brain areas demonstrating significant representational similarity of brain activity patterns to the simple model representational dissimilarity matrix (RDM). Horizontal
colour bars represent significant p-values following permutation testing for 80 Hz (cyan-magenta) vibrotactile stimulation conditions. Only clusters surviving threshold-free cluster
enhancement with a correction for family-wise error of p < 0.05 are reported. Statistical maps are overlaid on representative axial slices in the z-plane of a background image of
a T1 template in Montreal Neurological Institute (MNI152) standard space. R = right hemisphere. L = left hemisphere. The arrow indicates the best group-level brain RDM fit to
the simple model at 80 Hz. Lines and columns of the brain RDM are labelled according to the nine stimulated spinous processes 73-S1 (T = thoracic, L = lumbar, S = sacral). The

vertical colour scales represent the degree of dissimilarity, as quantified by the crossnobis distance. L = left, R = right hemisphere.

Table 2
Cluster information for identified brain regions using the simple model.
Frequency Number of voxels Peak p-value Peak x Peak y Peak z COG x COG y COG z Brain regions
80 Hz 932 <0.0001 22 -40 50 20 -42 60 R and M: BAS5, BA7, BA2
578 <0.0001 -18 -36 52 —22 —42 62 L: BA5, BA7, BA2

Clusters of voxels identified using the simple model representational dissimilarity matrix (based on a 5-voxels diameter searchlight, 10,000 permutations with threshold-free cluster
enhancement and family-wise error (p < 0.05) correction. For every cluster, the locations of the peak p-value and the centre of gravity (COG) are given. R = Right hemisphere, L

= left hemisphere, M = midline. BA = Brodmann area.

3.2. Simple model

The simple model was significantly explanatory for the 80 Hz condi-
tion only (pFWE < 0.05, Fig. 3, Table 2). Significant model-consistent
brain activity patterns were observed in distinct lateralized regions
within the S1, M1, and SPL. In the right hemisphere, at the midline,
and in the left hemisphere, these clusters were primarily located within
BA5, BA7, and BA2.

3.3. Random model

The random model searchlight analysis did not yield any brain ac-
tivity patterns consistent with the model for either frequency condition.

3.4. Between-model comparisons

Comparison between models yielded a superiority of the segmental
model in explaining the organizational structure of sensorimotor brain
activity patterns evoked by 80 Hz, but not by 20 Hz, stimulation
compared to the other two models (pFWE < 0.05, Fig. 4A-B and
Table 3). Furthermore, the segmental model agreement was significantly
stronger for the 80 compared to 20 Hz condition (pFWE < 0.05, Fig. 4C
and Table 3).

4. Discussion

The present study aimed at establishing sensory-topographic maps
of the human back by identifying brain areas that carry distinguishable

pattern information w.r.t. the thoracolumbar segmental processing of
paraspinal sensory inputs. To this end, a previously validated stim-
ulation apparatus and protocol (pneuVID) (Cole et al., 2022; Schibli
et al., 2021) were used in combination with RSA. As hypothesized, the
whole-brain and model-driven searchlight RSA revealed informative
brain activity patterns mainly in the somatosensory cortices, with some
striking differences in terms of applied model RDMs and frequency
conditions. Different frequencies were chosen to explore the contri-
butions to brain activity patterns potentially resulting from different
mechanoreceptor stimulations. In general, the segmental model best
explained the brain activity patterns in distinct areas of somatosensory
cortices, indicating that these brain areas process sensory inputs from
the back in a ”dermatomal-like” fashion and that the applied fMRI
protocol is sufficiently sensitive to reveal the corresponding pattern
information. This is in line with the general observation that the spatial
relationship between receptors on the body’s surface is maintained
along the body-brain axis, reflected by topographically organized rep-
resentations in the sensory homunculus (Puckett et al., 2020; Schott,
1993; Yamada et al., 2007). In addition, the current results indicate that
this back-specific topographic pattern is shared across multiple brain
regions, including the pre- and post-central gyri as well as parts of the
SPL, a higher level integrative brain region that has also been shown to
process topographically organized information (Liu et al., 2021). This
is the first evidence of fine-grained cortical topographic information of
the back, which has previously been demonstrated for other body parts
such as the fingers (Besle et al., 2014; Kolasinski et al., 2016; Martuzzi
et al., 2014).
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Segmental > Random;
80 Hz

Segmental > Simple;
80 Hz

Segmental:
80 Hz > 20 Hz

p = 0.05 mm
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A

y =-36

Z =66
p = 0.0001

Fig. 4. A and B: Brain activity patterns that demonstrated significantly better agreement with the segmental model compared to the random model and the simple model (80 Hz
condition). C: Brain activity patterns during 80 Hz stimulation demonstrated significantly better agreement with the segmental model compared to 20 Hz stimulation. Horizontal
colour bars represent significant p-values following permutation testing (N = 10,000). Only clusters surviving threshold-free cluster enhancement with a correction for family-wise
error of p < 0.05 are shown. Statistical maps are overlaid on three representative slices in the sagittal (x), coronal (y), and axial (z) planes of a background image of a T1 template

in Montreal Neurological Institute (MNI152) standard space. L = left hemisphere.

Table 3
Cluster information for between-model comparisons.

Model comparison Number of voxels Peak p value Max x Max y Max z COG x COG y COG z COG location
Segmental > random; 80 Hz 1082 <0.0001 24 -36 46 20 —-42 60 BA2 R

867 <0.0001 -20 -34 48 —22 —42 60 BA2 L
Segmental > simple; 80 Hz 737 <0.0001 -34 —-46 50 -22 -40 60 BA2 L

407 <0.0001 26 -36 46 24 -38 60 BA2 R
Segmental: 80 Hz > 20 Hz 453 <0.0001 28 -30 48 20 —-40 58 BA2 R

398 <0.0001 -20 -36 48 —22 -38 60 BA2 L

Clusters of voxels for brain activity patterns that demonstrated significantly better agreement between models. Max = maximum; COG = centre of gravity; segmental = segmental
model; random = random model; simple = simple model; BA = Brodmann area; R = right; L = left.

4.1. Differences between low- and high-frequency stimulation

The cortical mapping obtained from correlating brain and model
RDMs showed striking differences between informative activation pat-
terns resulting from low (20 Hz) compared to high frequency (80 Hz)
vibrotactile stimulation on the back. The organizational structure of
brain activity patterns evoked by 80 Hz stimulation was well captured
by the segmental model, which also was the best model for explaining
the structure of activation patterns during 20 Hz stimulation. The
simple model showed significant agreement with the structure of brain
activity patterns evoked by 80 Hz stimulation only. Differences in the
physiological characteristics of the activated mechanoreceptors might
explain these observations.

There are well-known associations between vibration frequency,
activated mechanoreceptors, and their receptive field sizes in different
S1 subregions (Avanzino et al., 2014; Iwamura et al., 1993; Puckett
et al., 2020; Weerakkody et al., 2007), which could partly explain
the different results between low- (20 Hz) and high-frequency (80 Hz)
stimulations. While the human back generally shows low tactile inner-
vation density (Corniani and Saal, 2020), superficially located Meissner
corpuscles (and Merkel disk receptors), which are preferentially ac-
tivated by low-frequency stimulations, have smaller receptive fields
than deeply located Pacinian corpuscles, which are activated by high-
frequency stimulations (Cobo et al.,, 2021; Fleming and Luo, 2013;
Iwamura et al., 1993; LaMotte and Mountcastle, 1975; Sherrick et al.,
1990; Talbot et al., 1968). Hence, the segmental model might have
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well captured the organizational structure of brain activity patterns
differentiating between large receptive fields of Pacinian corpuscles
activated at 80 Hz. However, this model may not have been able to
accurately reflect the more localized similarity structures resulting from
activation of Meissner corpuscles through 20 Hz stimulation.

Furthermore, 80 Hz stimulation might also have affected the activity
of paraspinal muscle spindle afferents, the main proprioceptors of the
human body (Goodwin et al., 1972; Proske and Gandevia, 2012; Roll
et al., 1989). Therefore, one may assume that the cortical response to
high-frequency stimulation reflects a mixture of different contributing
mechanoreceptor types (deeper tactile and proprioceptive afferents
with larger receptive fields), which might explain the broader infor-
mative brain activity patterns during 80 Hz stimulation. This is further
supported by the involvement of M1 regions (BA4a and BA4p), indicat-
ing that the central processing of paraspinal segmental afferent input
involves a complex integration and sharing of back-specific topographic
patterns across somatosensory and motor cortices.

4.2. The importance of cortical topographic mapping of the back

Low back pain and movement behaviour are closely related and
characterized by a tight interplay between the sensorimotor and pain
processing systems at the spinal and supraspinal levels (Hodges and
Tucker, 2011; Vittersp et al., 2022). Interest in the potential for a
new therapeutic focus on sensorimotor integration is increasing (Bagg
et al., 2022). One of the pain-relieving effects of such interventions is
thought to be related to supraspinal processes, such as normalization
of cortical sensory (proprioceptive) representations of the (lower) back
through sensory discrimination training and graded exposure exer-
cise (Van Dieén et al., 2019; Bagg et al., 2022). However. evidence
that cortical representations of sensory afferents of the back are al-
tered (’shifted” or ”smudged”) in CLBP is sparse, and the pathological
meaning of such potential alterations is unclear. In fact, only one
study has identified a shifted representation towards the midline of
somatosensory (tactile) input from the back in a small group of CLBP
patients in S1 (Flor et al., 1997). The findings of that study, which used
a magnetoencephalography technique to provide high temporal, but
comparatively low spatial resolution recordings of brain activity, rela-
tive to fMRI, have never been replicated. Thus, the sensory-topographic
maps of the human back that were revealed in the present study provide
a sound basis for testing the ”cortical map reorganization theory” in
CLBP (Flor et al., 1997; Wand et al., 2011), which has recently been
debated in other chronic pain conditions, such as complex regional pain
syndrome (Mancini et al., 2019).

Furthermore, the observed involvement of the SPL in processing
segmental paraspinal sensory input, a region lacking direct afferent
projections (Passarelli et al,, 2021), point to a diversified cortical
organization of the back’s neural representation. SPL activations have
been interpreted as encoding abstract movement representations (See
et al., 2021). The functional connectivity of different SPL subregions,
specifically of BA5 and BA7, to multiple functional networks, including
salience, dorsal attention, and sensorimotor networks, has underscored
the importance of the SPL in information processing along the at-
tentional pathways (Alahmadi, 2021). Results from lesion studies in
non-human primates and data from neurological patients have con-
firmed that the SPL is involved in coordinating spatial attention and
motor accuracy (Passarelli et al., 2021). Hence, in the context of
potential cortical reorganization of the back representation over time
in pathologies such as CLBP, alterations in SPL activations might be
indicative of wider implications when cortical topography is altered.
Aside from a potential “de-differentiation” (Liu et al., 2021) of seg-
mental paraspinal sensory input in S1, alterations in SPL organization
might reflect the neural mechanism of the observed body schema
disruptions of the trunk in CLBP patients (Bray and Moseley, 2011;
Parkinson et al., 2010). However, the SPL has also been proposed to
contain multiple subregions capable of flexible adaptation w.r.t. to
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coordination and motor control (Cunningham et al., 2013). Thus, it
should be tested whether in CLPB patients compared to healthy controls
such a flexible reorganization has taken place, which would be in line
with the suggested “reorganization theory” (Flor et al., 1997; Wand
et al., 2011).

4.3. Limitations

Regarding potential muscle spindle activation, it is currently not
possible to determine which specific muscle spindles are activated by
the pneuVID. The primary assumption is that the superficial (longis-
simus and spinalis) muscles along the thoracolumbar axis are the most
affected in terms of activation. Additional (rotatores and multifidi)
muscles might be targeted, which show a particularly high density of
muscle spindle fibres and are involved in key aspects of trunk and back
proprioception (Boucher et al., 2015). Furthermore, it was not possible
to completely isolate the contributions of superficial mechanorecep-
tors from those of the more deeply located mechanoreceptors. Precise
anaesthetization of the skin could be used in future studies. This would
allow to gauge the relative importance and topographical organization
of proprioceptive afferents along the thoracolumbar axis as well as their
cortical targets in more detail.
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