University of
< Reading

High-dose vitamin B6 reduces sensory
over-responsivity

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

Cracknell, R. O., Tavassoli, T. ORCID: https://orcid.org/0000-
0002-7898-2994 and Field, D. T. ORCID:
https://orcid.org/0000-0003-4041-8404 (2024) High-dose
vitamin B6 reduces sensory over-responsivity. Journal of
Psychopharmacology, 38 (12). ISSN 1461-7285 doi:
10.1177/02698811241271972 Available at
https://centaur.reading.ac.uk/117809/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1177/02698811241271972

Publisher: Sage Publications

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.

www.reading.ac.uk/centaur



http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence

University of
< Reading
CentAUR

Central Archive at the University of Reading

Reading’s research outputs online



1) Check for updates

Original Paper

. . . Psychopharm
High-dose Vitamin-B6 reduces sensory O

over-responsivity

Journal of Psychopharmacology
2024, Vol. 38(12) 1147-1156
© The Author(s) 2024

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/02698811241271972
journals.sagepub.com/home/jop

S Sage

Rebekah 0 Cracknell, Teresa Tavassoli
and David T Field

Abstract

Background: Sensory reactivity differences are experienced by between 5% and 15% of the population, often taking the form of sensory over-
responsivity (SOR), in which sensory stimuli are experienced as unusually intense and everyday function is affected. A potential mechanism underlying
over-responsivity is an imbalance between neural excitation and inhibition in which inhibitory influences are relatively weakened. Therefore,
interventions that boost neural inhibition or reduce neural excitation may reduce SOR; Vitamin-B6 is the coenzyme for the conversion of excitatory
glutamate to inhibitory gamma-aminobutyric acid (GABA), and in animal models, it both increases the concentration of GABA and reduces glutamate.
Aims: To discover whether taking a high dose of Vitamin-B6 reduces SOR and other aspects of sensory reactivity.

Methods: We recruited 300 adults (249 females) from the general population who completed the Sensory Processing 3-Dimensions Scale (SP-3D)
first at baseline, and again following randomisation to either 1 month’s supplementation with 100 mg Vitamin-B6, or one of two control conditions
(1000 pg Vitamin-B12 or placebo). To focus on individuals who experience SOR, we analysed the effects of supplementation only on individuals with
high baseline SOR scores (above the 87th percentile).

Results: In individuals with SOR at baseline, Vitamin-B6 selectively reduced SOR compared to both placebo and Vitamin-B12. We also found that
Vitamin-B6 selectively reduced postural disorder in individuals with high scores on this subscale at baseline, but there were no effects on the four
remaining SP-3D subscales.

Conclusions: Clinical trials and mechanistic studies should now be conducted in autism, attention deficit hyperactivity disorder and other groups

with SOR.
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Introduction

Sensory reactivity differences, such as sensory over-responsivity
(SOR) aka hyperreactive (e.g. being overwhelmed by everyday
sounds), sensory under-responsivity (SUR) aka hyporesponsive
(e.g. showing no response when touched) or sensory seeking
(SR) (e.g. being fascinated by moving objects), are seen in
~65%-90% of autistic individuals, ~30% of children with special
educational needs and ~10%-15% of children overall (Ben-
Sasson et al., 2019; Tavassoli et al., 2016). Attention deficit
hyperactivity disorder (ADHD) presents a similar picture, with
one study estimating 43% co-occurrence in females with ADHD
and 22% in males with ADHD (Bijlenga et al., 2017). The preva-
lence of sensory reactivity differences in the absence of co-occur-
ring conditions has been estimated at 5% (Galiana-Simal et al.,
2020). They impact developmental outcomes and quality of life
(Dunn, 1997) as well as mental well-being (MacLennan et al.,
2020, 2021; Rossow et al. 2021a, 2021b).

Of the three facets of sensory reactivity differences, work on
underlying causal mechanisms is most advanced in the case of
sensory hyperreactivity, which we will focus on here, and the
evidence points to a potential difference in the balance between
glutamatergic excitation and GABAergic inhibition (E-I bal-
ance). For example, investigations of tactile SOR using magnetic
resonance spectroscopy have revealed reduced GABA concen-
trations in the sensorimotor cortex of both autistic children and

adults (Gaetz et al., 2014; Puts et al., 2016; Sapey-Triomphe
et al., 2019). More recently, Wood et al. (2021) found reduced
thalamic GABA concentrations in autistic youth that were related
to behavioural SOR symptoms, as well as atypical thalamic con-
nectivity with sensory processing regions. However, not all stud-
ies have found GABAergic differences in autism (Kolodny et al.,
2020), and one recent study instead found elevated glutamate in
primary sensorimotor cortex, which correlated positively with
parent-reported SOR (He et al., 2021). Although superficially
paradoxical, the latter findings are consistent with the E-I balance
theory of sensory symptoms in autism because the consequences
of increased excitation may be similar to those of reduced inhi-
bition (Rubenstein and Merzenich, 2003). In the case of SUR,
the cause may be dysregulation of glutamatergic neurotrans-
mission: Phelan-McDermid Syndrome produces disruption in the
SHANK3 gene, which encodes a scaffolding protein in gluta-
matergic synapses, and produces a specific autistic phenotype in
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which SUR is considerably more prevalent than in idiopathic
autism (Tavassoli et al., 2021). While the picture is complex and
details are still emerging, it is clear that sensory reactivity differ-
ences are related to the E-I balance (Foss-Feig et al., 2017;
Rosenberg et al., 2015).

The relationship between E-I balance and the presence of
SOR suggests that interventions that boost GABAergic tone and/
or reduce glutamatergic excitation may reduce the intensity of
SOR. Consistent with this, some pharmacological interventions
that do this have produced encouraging results in clinical trials
performed with autistic participants, for example, Bumetanide
(Canitano and Palumbi, 2021). Here, we propose that Vitamin-B6
taken at pharmacological doses is an intervention with the
potential to alter E-I balance. This is plausible because it is well
established that the biologically active form of Vitamin-B6,
pyridoxal-5'-phosphate (PLP), acts as a coenzyme for glutamate
decarboxylase (GAD), which catalyses the conversion of gluta-
mate to gamma-aminobutyric acid (GABA) in the brain (e.g.
Martin and Rimvall, 1993; Petroff, 2002). If increasing the avail-
ability of the coenzyme, PLP, were to increase the rate of this
reaction, the result would be a shift in the balance of concentra-
tions between the two neurotransmitters, with a consequent rela-
tive increase in the influence of inhibition on the information
processing performed by neural networks. Because most of the
enzyme GAD exists in the inactive apoenzyme form that is not
bound to the coenzyme, PLP, the reaction that converts glutamate
to GABA is not saturated under normal physiological conditions,
and there is therefore considerable potential to increase its rate by
boosting PLP (Martin and Rimvall, 1993; Petroff, 2002; Sharma
et al., 1994). Providing proof of concept for this, Sharma et al.
(1994) compared GABA and glutamate concentrations in the
brains of Vitamin-B6-deficient rats to rats fed a high-Vitamin-B6
diet and found that Vitamin-B6 deficiency substantially reduced
GABA concentration and increased glutamate concentration
compared to the high-B6 diet. A recent study performed in mice
(Walia et al., 2018) confirmed that supplementary B6, as opposed
to deficiency, can drive this effect; three acute dose levels were
tested, using intraperitoneal injection, and only the intermediate
dose reduced anxiety and glutamate concentration while increas-
ing GABA. This suggests that careful work will be required to
establish the range of doses that are effective in humans.

Given that the concentration of the activated form of
Vitamin-B6, PLP, is an important determinant of the rate of pro-
duction of GABA, it is interesting to note that there are substan-
tial differences between individuals in the ability to metabolise
inactive dietary Vitamin-B6 into the active form. This may be
caused by genetically determined variation in the binding affinity
of enzymes such as pyridoxal kinase and pyridoxine-5'-phosphate
oxidase that participate in the Vitamin-B6 salvage pathway
(Ames et al., 2002). Furthermore, studies of Vitamin-B6 status in
autism have found either reduced PLP levels or dramatic varia-
bility in PLP levels between autistic individuals relative to non-
autistic individuals (Audhya, 2004; Adams et al., 2011); we
speculate that this is connected to the high prevalence of SOR in
autism. Furthermore, significant individual differences in
Vitamin-B6 metabolism have also been demonstrated in the gen-
eral population by pharmacokinetic studies (Hadtstein & Vrolijk.,
2021; Vrolijk et al., 2020). It is likely that those individuals
whose ability to convert dietary Vitamin-B6 into active PLP is
lower are at greater risk of not being able to regulate GABA

production effectively, and it is these individuals that are most
likely to benefit from the high-dose Vitamin-B6 intervention
tested here (Ames et al., 2002).

Taken together, the evidence we have reviewed suggests that
high-dose Vitamin-B6 supplementation should produce changes
at the behavioural level consistent with increased neural inhibi-
tion. Testing this prediction, Field et al. (2022) supplemented an
opportunity sample of students and members of the public with
100mg of Vitamin-B6, corresponding to between 50 and 100
times the typical dietary intake, as pyridoxine, for 1 month. A
range of behavioural outcomes broadly linked to neural inhibi-
tion was measured, and the key findings supporting the predic-
tion were that the strength of visual surround suppression—an
index of GABAergic lateral inhibition in the visual cortex—was
increased by Vitamin-B6, while anxiety was reduced.

To test the current prediction that SOR will be reduced by
high-dose Vitamin-B6 supplementation, we recruited a general
population sample of 300 participants and randomised them to
receive 100 mg of Vitamin-B6 as pyridoxine, placebo or 1000 mg
of Vitamin-B12, daily for 1 month. Vitamin-B12 was included
because data were collected as part of a larger project with multi-
ple outcome measures. Here, it acts as an additional control con-
dition. To quantify SOR at baseline, and again at follow-up,
participants completed the Sensory Processing 3-Dimensions
Scale (SP-3D), which includes an SOR subscale. To focus our
analysis on individuals who experience SOR, we analysed the
effects of supplementation only on individuals with high baseline
SOR scores falling at or above the 87th percentile. The SP-3D
also includes subscales for several traits that often co-occur with
SOR: SUR, SR, discrimination (SD) and motor control issues
related to sensory processing—dyspraxia and postural disorder
(PD). To test whether the effect of Vitamin-B6 was specific to
SOR, we repeated our analysis procedure for these subscales, in
each case selecting participants with high scores on the subscale
at baseline.

Methods
Participants

The larger project, of which the data reported here are a subset,
was conducted in six phases by successive cohorts of BSc and
MSc students (phases 1-5) and a doctoral student (phase 6).
Participants were recruited in exchange for course credit via
adverts, word of mouth and social media. Participants in phase 6
only were paid £30 to complete the study. In this way, a total of
649 were randomised to receive either placebo tablets (198 par-
ticipants), Vitamin-B6 (229 participants), or Vitamin-B12 (222
participants). To provide some flexibility in the scheduling of
follow-up laboratory visits, the period of supplementation was
allowed to vary between 30 and 40 days. While the experimental
manipulation remained constant throughout the project, no single
outcome measure was included in all phases of data collection:
the SP-3D questionnaire data reported here were collected in
phases 4-6, from a total of 300 participants (249 females, 51
males; aged 18—60years, mean 25.8, median 21.8, SD 9.6). Of
these, 81 were randomised to receive a placebo, 113 to Vitamin-B6
and 106 to Vitamin-B12. For more detailed information about the
tablets used, the double-blinding methods and the full set of out-
comes measured across the phases of the project, see Field et al.
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(2022), who report on this in detail for phases 1-5 (phase 6 pro-
cedures were identical to phase 5 procedures: 171 participants
took part in phase 6). Note that phases 1-4 were conducted in
person, while phases 5—-6 were carried out online, which required
posting supplements to participants. Data collected from partici-
pants who took part in phases 4 and 5 are reported both here and
in Field et al. (2022), but the outcome measures reported are
different: SP-3D questionnaire scores are only reported here.

To take part, participants had to confirm that they were not
lactose intolerant, diabetic, epileptic or taking medications
known to interfere with Vitamin-B absorption. They were also
asked if they were taking supplements that contained Vitamin-B
and were excluded unless they agreed to stop taking them for
the duration of their participation in the study. The study was
approved by the University of Reading Ethics Committee (2018-
128-DF). Written informed consent was obtained from all partici-
pants, and an online tick box replaced the requirement for a
signature in phases 5 and 6.

Sensory processing scale questionnaire

The Sensory Processing Scale Inventory self-inventory, aka
SenSOR and SP-3D (Miller et al., 2017; Schoen et al., 2016;
Mulligan et al., 2019; Verhulst et al., 2022) consists of six sub-
scales with varying numbers of questions per scale: SOR (12
items, example: Some types of visual sensory input bother me,
such as fluorescent lights, sunlight, visually cluttered environ-
ments), SUR (7 items, example: / do not respond to touch experi-
ences, such as leave clothing twisted on body, do not notice dirty
or wet clothes or messy hands), sensory craving (SC, 10 items,
example: / cannot stop watching visual stimuli, especially con-
trasting or moving objects, such as spinning objects like wheels,
fast-changing images on screens, rotating fans), PD (7 items,
example: [ have poor posture and often slump at a desk or table
or lean against walls or furniture), dyspraxia (13 items, example:
I have trouble with daily tasks involving use of hands/fingers,
such as handling utensils, dressing, managing fasteners on
clothes, eating neatly without making a mess on the table/floor or
self), and sensory discrimination (SD, 10 items, example: / have
difficulty understanding what is said or distinguishing between
similar sounds or words, such as cat vs. cap, back vs. bat). Each
question is answered yes or no. Because the maximum score on
cach subscale varies, we divided each score by the maximum
possible score on the respective subscale. This resulted in all sub-
scales having a minimum score of 0 and a maximum of 1.

Data analysis

To focus our analysis on individuals who experience SOR, we
had intended to analyse the effects of supplementation only on
individuals in our sample whose baseline SOR scores fell above
the 90th percentile of the scores in the full sample. In practice,
because there are only 12 possible scores on the SOR subscale
we divided the sample at the 87th percentile. As an exploratory
analysis, and to discover whether the effect of Vitamin-B6 was
specific to SOR, we repeated the analysis procedure for the other
subscales of the SP-3D, in each case cutting the sample just
below the 90th percentile.

To test the prediction that Vitamin-B6 supplementation would
be beneficial for SOR, as well as for the exploratory analyses, we

used a 2 (baseline vs post-test) by 3 (treatment group) mixed
analysis of variance (ANOVA), followed up by paired samples
t-tests assessing change between baseline and post-test within
each treatment group. Whenever ANOVA revealed a significant
interaction, if the interpretation of the interaction was not fully
clarified by the z-tests, we further followed up with 2 *2 ANOVAs
as needed. In any design that selects participants on the basis that
they score highly on a particular trait or state at baseline, there is
likely to be some regression towards the central tendency of the
measurement scale over time (Barnett, 2005). Therefore, we
expected to see some reduction in SOR scores at follow-up in all
three experimental groups, and this effect could potentially be
additive with placebo effects. Given this, only patterns of results
in which one experimental group yielded a significantly greater
reduction in scores than the other two, or where one of the three
groups produced a significant change in scores but the other two
did not would allow us to conclude that a treatment effect had
occurred.

Because we extracted six different subsets of data from the
full sample, this raises the statistical question of the degree of
independence of the six subsamples. We therefore quantified the
extent to which the six subsamples overlapped with each other.
The variation in the degree of overlap between pairs of subsam-
ples was also of interest for comparison with previous studies
that have quantified the co-occurrence of different aspects of sen-
sory reactivity differences. To do this, for each of the 15 possible
pairings (e.g. SOR with SUR, SOR with SC, SOR with SC), we
calculated the percentage of participants selected for both subsets
as a percentage of the total number of participants in either sub-
set. For example, the total number of people with both SOR and
SUR was divided by the sum of the number of people reporting
SOR and the number of people reporting SUR.

Results

Vitamin-B6 reduces sensory hyperreactivity

Our key prediction was that sensory hyperreactivity would be
reduced by high-dose Vitamin-B6. 13% of participants scored
above the 87th percentile at baseline, which corresponded to a
score of 0.67 or higher on the standardised SOR subscale, where
the maximum possible score was 1, and the minimum possible
score was 0. Participants in the high SOR subgroup endorsed a
minimum of 8 out of 12 yes/no items on the SOR subscale of the
SP-3D, and the mean number of items endorsed in this group was
9.36 out of 12. This indicates that we were successful in finding
participants who experience SOR, although we were not able to
find published norms for this version of the SP-3D to compare
with the scores in our sample. Within this group of 39 individu-
als, 9 had been randomised to placebo, 17 to Vitamin-B6 and 13
to Vitamin-B12. Figure 1 presents the SOR scores of the three
treatment groups at baseline and post-test, revealing that as pre-
dicted SOR scores fall more at post-test in the Vitamin-B6 group
than in the other groups. This pattern was confirmed by a highly
significant interaction (F(2, 36)=5.92, p=0.006, n,?=0.247).
Following this up with #-tests revealed a non-significant reduc-
tion in the Vitamin-B12 group (#(12)=0.64, p=0.53, d=0.18), a
marginally significant reduction in the placebo group (#8)=2.3,
p=0.05, d=0.74), and a highly significant reduction in the
Vitamin-B6 group (#(16)=4.04, p<0.001, d=0.98). To test
directly whether the reduction in SOR was reliably greater for
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W Vitamin B12

Sensory Overreactivity

Post Test
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Figure 1. A significant reduction in sensory over-reactivity scores
in the Vitamin-B6 group between baseline and post-test. Error bars
indicate =1 SEM.

Vitamin-B6 than placebo, we carried out a 2*2 ANOVA, which
resulted in a significant interaction confirming that this was the
case (F(1, 24)=4.29, p=0.049, n 2=0.152).

Effects of cohort characteristics. The proportion of partici-
pants in the high SOR subgroup who were male (20.5%) was
slightly higher than the proportion who were male in the remain-
ing 87% of the total sample (16.5%); however, this did not
approach difference when tested by Chi-square, (%2 (1)=0.39,
p=0.531). We also conducted ANOVA to ask whether the reduc-
tion of SOR by Vitamin-B6 in the high SOR subgroup was modu-
lated by sex. Selecting only the 11 female and 6 male participants
who were both in the high SOR subgroup and had been ran-
domised to receive Vitamin-B6, we performed a 2 (baseline vs
post-test) by 2 (female vs male) ANOVA: see Figure 2 for a plot
of means with error bars. This reveals a larger reduction in SOR
in male participants, confirmed by a significant interaction (F(1,
15)=6.60, p=.021, n,2=0.306). Following this up with #-tests
revealed that the reduction in SOR was statistically significant in
both the female and male subgroups (#(10)=3.08, p=0.012,
d=0.93; #(10)=3.49, p=0.018, d=1.42).

We also compared the age distribution of the high SOR sub-
group with the age distribution of the total sample and found that
these were similar: full sample mean 25.8, median 21.8, SD=9.6;
high SOR mean 27.4, median, 22, SD=11.7. Confirming that age
was not related to SOR scores in our sample, Spearman’s correla-
tion between the two was close to zero (#(298)=0.033, p=0.57).

Vitamin-B6 reduces PD

To find out whether the effect of Vitamin-B6 was selective to
SOR or broader in nature, we analysed the other subscales of the
SP-3D; a summary of the resulting means, standard deviations
and sample sizes is presented in Table 1. Only in the case of PD
was there a reduction in scores in the Vitamin-B6 group that was
unlikely to be explainable by placebo effects or regression to the
mean. 12.6% of participants scored 0.57 or higher at baseline,
implying that they had endorsed 4 or more items out of 7 on the

100 W Female
Male

Sensory Overreactivity

Post Test

Baseline

Figure 2. Male participants who took Vitamin-B6 experienced a
greater reduction in sensory reactivity than females. Error bars indicate
+1 SEM.

PD subscale, and the mean number of items endorsed in this
group was 4.4 out of 7. Within this group of 38 individuals, 12
had been randomised to placebo, 15 to Vitamin-B6 and 11 to
Vitamin-B12. The PD scores of the three treatment groups at
baseline and post-test are presented in Figure 3, which reveals a
general tendency towards reduction in PD scores at post-test that
is larger for Vitamin-B6. While the larger effect in the Vitamin-B6
group did not result in a significant interaction (¥(2, 35)=1.47,
p=0.243, n,2=0.078), the main effect of reduction at post-test
was highly significant (F(1, 35)=10.9, p=0.002, n,*>=0.238).
Investigating this further, only for Vitamin-B6 did follow-up
t-tests reveal a significant reduction (#(14)=3.20, p=0.006,
d=0.83), while the change from baseline was non-significant in
the placebo (#(11)=1.11, p=0.293, d=0.32) and Vitamin-B12
groups (#(10)=1.46, p=0.174, d=0.44).

No effects of Vitamin-B6 on other aspects
of sensory reactivity

Turning to SUR, a general reduction in scores occurred at the
post-test, but this was not selective to Vitamin-B6. Participants
were included in the analysis if their baseline SUR score was
0.43 or higher. Only the main effect of baseline versus post-test
in the ANOVA reached significance (F(1, 28)=25.18, p<0.001,
n,2=0.473), and this was driven by significant reductions at post-
test in all three treatment conditions: placebo (#(6)=2.51,
p=0.046, d=0.95), Vitamin-B6 (#(11)=3.35, p=0.006, d=0.97)
and Vitamin-B12 (#(11)=4.03, p=0.002, d=1.16). This pattern is
clearly consistent with regression to the mean.

In the case of SD, scores reduced at post-test, but placebo and
regression to the mean effects cannot be ruled out as an explana-
tion of this. 13% of participants scored 0.21 or higher on this
scale at baseline and were included in the analysis. Only the main
effect of baseline versus post-test in the ANOVA reached signifi-
cance (F(1, 39)=11.69, p=0.002, n,>=0.230), and this was
driven not only by a Vitamin-B6 effect (#(15)=2.65, p=0.018,
d=0.66) but also by an effect approaching significance
for Vitamin-B12 (#15)=1.96, p=0.069, d=0.49), and a
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Table 1. Details of the sub-samples isolated from the main sample, for each of the facets of sensory integration difference in the SP-3D. To
facilitate comparison between subscales, scores were transformed to vary between 0 and 1.
Subscale N Baseline means (SD) Post-test means (SD)
Placebo B6 B12 Placebo B6 B12 Placebo B6 B12
SOR 9 17 13 0.74 (0.06) 0.76 (0.11) 0.76 (0.10) 0.68 (0.08) 0.55 (0.23) 0.74 (0.14)
SUR 7 12 12 0.45 (0.05) 0.56 (0.14) 0.50 (0.17) 0.33 (0.13) 0.33 (0.26) 0.36 (0.17)
SC 7 15 12 0.41 (0.17) 0.47 (0.24) 0.39 (0.33) 0.43 (0.11) 0.37 (0.26) 0.33 (0.27)
SD 10 16 16 0.34 (0.07) 0.44 (0.16) 0.40 (0.16) 0.25 (0.06) 0.26 (0.24) 0.30 (0.16)
PD 12 15 11 0.64 (0.13) 0.62 (0.09) 0.63 (0.07) 0.58 (0.22) 0.63 (0.07) 0.51 (0.31)
Dyspraxia 15 18 11 0.43 (0.09) 0.56 (0.19) 0.47 (0.12) 0.31 (0.18) 0.39 (0.21) 0.47 (0.12)
Effects of Vitamin-B6 on sensory reactivity in
100 Ef;};;;?;% the remainder of the sample
Vitamin B12
To provide a more comprehensive view of the data, and to check
* whether the effects of high-dose Vitamin-B6 we observed in the
5 high SOR and high PD subgroups were also present in the rest of
g the sample whose baseline scores were lower, we repeated all of
% the #-tests reported in sections ‘Vitamin-B6 reduces sensory
g hyperreactivity’, ‘Vitamin-B6 reduces postural disorder’ and ‘No
= effects of Vitamin-B6 on other aspects of sensory reactivity’
above using reversed inclusion criteria. The means, standard
deviations and sample sizes submitted to this analysis are pre-
sented in Table 2; inspection of these descriptives reveals a trend
Baseline Post Test towards reduction of SOR at post-test, but this was present in all
three groups including placebo. It also reveals a selective trend

Figure 3. A significant reduction in postural disorder scores in the
Vitamin-B6 group between baseline and post-test. Error bars indicate
+1 SEM.

non-significant reduction in the placebo group (#9)=1.55,
p=0.156, d=0.49).

For the SC subscale, participants were included in the analy-
sis if their SC score was .4 or higher (11.3% of the sample).
Scores did not change in the placebo group and were lower at
post-test in both the Vitamin-B6 and B12 groups, but with only
seven participants in the placebo group, we cannot rule out that
the changes in the other two groups were driven by a mixture of
regression to the mean and placebo effects. Statistically, this was
reflected in a highly significant main effect of baseline versus
post-test in the ANOVA, (F(1, 31)=10.45, p=0.003, ,>=0.252),
a non-significant z-test in the placebo condition (#(6)=0.65,
p=0.54, d=0.25), and significant s-tests in both the Vitamin-B6
condition (#(14)=2.49, p=0.026, d=0.64) and the Vitamin-B12
condition (/(11)=3.11, p=0.01, d=0.90).

Participants were included in the Dyspraxia subscale analysis
if their score was 0.31 (14% of the sample). Reduced scores at
post-test were evident in both the placebo and Vitamin-B6
groups, which does not permit us to rule out placebo and regres-
sion to the mean as explanations of these effects. Statistically,
this produced a highly significant main effect of baseline versus
post-testin the ANOVA, (F(1,41)=15.30,p <0.001,1,>=0.272),
significant #-tests in both the placebo (#(14)=2.58, p=0.022,
d=0.67) and Vitamin-B6 (#(17)=3.63, p=0.004, d=0.79) condi-
tions. and a non-significant difference in the B12 condition
(#(10)=1.14, p=0.282, d=0.34).

towards a reduction in PD scores in the B6 group. However, none
of these trends reached statistical significance in the #-tests we
performed, despite the greater power to detect small effect sizes
afforded by the larger sample sizes used for these analyses.

Co-occurrence of the six aspects of sensory
integration differences

The six subsets of the full sample reported above were partially
dependent on each other, and the observed degree of dependence
varied substantially between the subscales of the SP-3D. Table 3
breaks down the dependence by subscale pairs, and, in general,
this is much greater than would be expected by chance (approxi-
mately 10%). The mean overlap between the six selected subsets
of the full sample was 23.78%, and 107 of the 300 participants
tested met the threshold for inclusion in at least one of the subsets
analysed above. Relatively much higher overlaps were observed
between SUR and SC, and between PD and dyspraxia, while
relatively much lower overlaps were observed between SOR and
SUR, as well as between SOR and SC.

Discussion

We described a range of evidence suggesting that high-dose
Vitamin-B6 changes the excitation—inhibition balance in the
brain. The strongest evidence comes from rat and mouse models,
in which manipulating Vitamin-B6 availability in the brain
increases inhibitory GABA concentration, as well as reducing the
concentration of the excitatory neurotransmitter, glutamate
(Sharm et al.,, 1994; Walia et al., 2018). Because sensory
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Table 2. Descriptive statistics for the remainder of the main sample after the exclusion of high-scoring individuals, for each of the facets of
sensory integration difference in the SP-3D. To facilitate comparison between subscales comprised of different numbers of questions, scores were

transformed to vary between 0 and 1.

Subscale N Baseline means (SD) Post-test means (SD)
Placebo B6 B12 Placebo B6 B12 Placebo B6 B12

SOR 72 96 93 0.30 (0.15) 0.27 (0.19) 0.25 (0.16) 0.27 (0.18) 0.25 (0.21) 0.22 (0.17)
SUR 74 101 9% 0.11(0.12) 0.09 (0.11) 0.09 (0.11) 0.11 (0.14) 0.09 (0.14) 0.08 (0.12)
SC 69 9% 97 0.10 (0.10) 0.08 (0.10) 0.01 (0.10) 0.12 (0.16) 0.08 (0.11) 0.11 (0.14)
SD 71 97 90 0.06 (0.07) 0.05 (0.06) 0.05 (0.07) 0.09 (0.13) 0.06 (0.11) 0.06 (0.11)
PD 69 98 95 0.17 (0.16) 0.17 (0.16) 0.15 (0.14) 0.17 (0.20) 0.15 (0.18) 0.15 (0.16)
Dyspraxia 66 95 95 0.15 (0.09) 0.14 (0.10) 0.14 (0.10) 0.15 (0.13) 0.15 (0.14) 0.15 (0.16)

Table 3. Co-occurrence of the six facets of sensory integration difference measured by the SP-3D questionnaire, indicated by the percent overlap

between subgroups reporting high levels of each facet.

Subscale SOR SUR SC SD PD
SOR

SUR 14.8

SC 14.1 58.6

SD 22.7 19.7 20.6

PD 22.2 16.9 18.0 27.0

Dyspraxia 25.8 17.2 16.4 28.3 34.4

hyperreactivity has been linked to reduced GABAergic tone and
altered E-I balance, we predicted that it would be improved by
taking a high dose of Vitamin-B6. We confirmed this prediction
in a group of individuals with sensory hyperreactivity, who were
selected from a larger opportunity sample of the general popula-
tion. The questionnaire we used to measure sensory hyperreactiv-
ity, the SP-3D, contained five additional subscales measuring
other sensory problems and related motor control and postural
problems that can co-occur with sensory hyperreactivity. These
subscales, along with the inclusion of an extra group of partici-
pants who took a high dose of Vitamin-B12, allowed us to ask
whether the effect of Vitamin-B6 on sensory hyperreactivity is
selective. We found no effects of Vitamin-B12 compared to pla-
cebo, while Vitamin-B6 also improved scores on the PD sub-
scale, suggesting that high-dose Vitamin-B6 may also be of
benefit for motor control problems that commonly co-occur with
sensory hyperreactivity.

Altered E-I balance plays a role in a wide range of conditions,
including epilepsy (Staley, 2015), anxiety and depression
(Luscher and Fuchs, 2015; Sohal and Rubenstein, 2019), schizo-
phrenia (Lang et al., 2007), autism (Rubenstein and Merzenich,
2003), migraine (Vecchia and Pietrobon, 2012), ADHD (Mamiya
et al.,, 2021), and obsessive-compulsive disorder (Biria et al.,
2023). One common factor across these conditions is SOR
(Bijlenga et al., 2017; Budnick & Braff, 1992; Engel-Yeger et al.,
2016; Lewin et al., 2015; Pearl et al., 2020; Van Campen et al.,
2015). Our results, along with those of Field et al. (2022), suggest
that high-dose Vitamin-B6 should be tested as an intervention for
sensory over-responsivity in each of these conditions. Because
E-I balance differences may also underly other features of these
conditions in addition to SOR, the benefits of high-dose B6 may
extend beyond a reduction in SOR. However, future studies must

take great care to establish the effective dose range because
mouse models have revealed an n-shaped function in which
lower and higher doses of Vitamin-B6 did not influence GABA
or glutamate concentrations (Walia et al., 2018). The n-shaped
dose-response curve could account for the mixed results of pre-
vious studies that tested the effect of a single dose level of
Vitamin-B6, which in some cases was either a ‘mega dose’ 10 or
20 times greater than used here, or a smaller dose than the 100 mg
used here, to produce beneficial effects in autism (Li et al., 2018;
Murza et al., 2010). Furthermore, it is well established that very
high doses of Vitamin-B6 taken as pyridoxine, when sustained
over time, are toxic, causing peripheral neuropathy (Schaumburg
etal., 1983). More recently, it has become apparent that in a small
minority of individuals differences in the metabolic processes
converting pyridoxine to the active form (PLP) can result in
peripheral neuropathy occurring at much lower doses (Vrolijk
et al., 2017). Therefore, high-dose Vitamin-B6 is an intervention
that should be supervised by medical professionals. There are
promising indications that dietary supplementation with
Vitamin-B6 as pyridoxal (PL) or PLP eliminates the risk of
peripheral neuropathy (Vrolijk et al., 2020), but caution is
required until large-scale clinical trials have been conducted.

Relationship to existing neurobiological
models of SOR

Functional brain imaging studies have revealed that autistic indi-
viduals with SOR have greater neural responses to sensory stim-
ulation in primary sensory cortices, thalamus, amygdala and the
orbitofrontal cortex (Green et al., 2013). These results were fol-
lowed by the related result that in autism there is decreased adap-
tation/habituation to sensory stimulation in the sensory cortex
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and the amygdala (Green et al., 2015). Both our finding that high-
dose Vitamim-B6 reduces SOR and our proposal that it does this
by influencing the E-I balance in favour of inhibition are consist-
ent with these brain imaging results because although adaptation
and habituation to sensory stimuli are both complex processes,
neural inhibition and GABA are implicated in both (Larkin et al.,
2010; Puts et al., 2014). Furthermore, a Vitamin-B-rich dietary
intervention (marmite) has been shown to reduce neural responses
measured by steady-state visual evoked potentials in primary
sensory cortices (Smith et al., 2017), and so it is likely that our
intervention had a similar effect, which future brain imaging
studies could measure.

Reduction in PD

Vitamin-B6 caused a selective reduction in scores on the PD sub-
scale of the SP-3D. This was made up of seven questions that
focused on whole-body strength, endurance, balance and posture,
as well as coordination across multiple limbs, bimanual coordi-
nation and eye movement control. Considering previous findings
emphasising the relationship between this type of motor function
and neural inhibition/GABA, this effect could also be explained
by Vitamin-B6 increasing GABAergic tone in the brain. Bimanual
coordination and coordination across multiple limbs both depend
critically on communication between the two brain hemispheres
via the corpus callosum (Johansen-Berg et al., 2007). Suggesting
a specific role of GABAergic inhibition in this, in Developmental
Coordination Disorder, the inhibitory aspect of this communi-
cation is selectively reduced while intrahemispheric motor
cortex inhibition is normal (Blais et al., 2018; He et al., 2018).
Furthermore, GABA levels in the motor cortex correlate with
bimanual coordination in an age-dependent way (Maes et al.,
2021). One study has linked Vitamin-B6 to whole-body aspects
of motor coordination, suggesting that this may be particularly
sensitive to Vitamin-B6 status, it is generally considered that
8weeks of dietary deprivation induces moderate deficiency in
rats (Dakshinamurti et al., 1992), yet Schaeffer et al. (1990)
found that deprived rats displayed gait disturbances after only
2-3 weeks.

Other aspects of sensory reactivity

As well as the PD subscale, the SP-3D contains a related dysp-
raxia subscale. Scores on this subscale fell at post-test in both
the Vitamin-B6 and placebo conditions, which in the experi-
mental design we used does not provide evidence that
Vitamin-B6 is beneficial. Equally, these results do not rule out
such an effect, and a larger formal clinical trial is required to
answer this question definitively. The PD and dyspraxia sub-
scales are moderately correlated (Table 2), and their correla-
tion is stronger than that between the other subscales of the
SP-3D except SUR and SC. However, the dyspraxia subscale
differs from the PD subscale in containing questions that tap
mainly into higher-level cognitive and planning aspects of
motor control, fine motor control, motor learning and speech
production. It would be theoretically informative if a future
study were to confirm a dissociation between the effects of
Vitamin-B6 on the two different aspects of motor control
assessed by the PD and dyspraxia subscales.

We found no selective effects of Vitamin-B6 on the other sen-
sory subscales of the SP-3D: sensory under-responsivity, sensory
craving and sensory discrimination. Scores on these subscales
were generally reduced at post-test, but this occurred in either
two, or all three of, the experimental groups. It is likely that
regression to the mean, which can occur in any experimental
design that selects participants on the basis that they score highly
on a given trait or state, contributed to these effects (Barnett,
2005).

Sensory reactivity in different groups
of people

Most previous studies of SOR have focused on autistic partici-
pants, despite the literature cited in the introduction of this paper
indicating that it also co-occurs with ADHD and other condi-
tions, as well as occurring alone. Participants in the present study
were not screened for these commonly co-occurring conditions,
but it is reasonable to assume that our participant sample was
mixed. Given the complexity of sensory processing, it is possible
that the underlying causes of hyperreactivity are heterogeneous.
Suggesting that this is the case, we found a different pattern of
co-occurrence of the features of sensorimotor difference as meas-
ured by the SP-3D compared to the pattern found in studies of
sensory differences in autistic participants. In autism, MacLennan
et al. (2021) found that the co-occurrence of SOR with SC was
high, while we found that this was low, and while we found that
the co-occurrence of SUR and SC was very high, MacLennan
et al. (2021) found that this was low in autism. This difference in
findings is most easily accounted for by the different populations
sampled in the two studies—autism versus all individuals experi-
encing hyperreactivity. The high-dose Vitamin-B6 intervention
may prove more beneficial for some of the subgroups experienc-
ing hyperreactivity than others, although because its effective-
ness relies on a ubiquitous neural mechanism it is also possible
that all individuals experiencing SOR and related conditions will
benefit.

We found no evidence that SOR was more prevalent in either
males or females in our sample, yet interestingly the reduction in
SOR achieved by the high-dose B6 intervention was greater in
males, although still reliable in females. This observation requires
replication, and it would also be interesting to determine whether
the B6 intervention is more effective in people whose SOR
accompanies a diagnosis of autism, ADHD, other conditions, or
occurs alone.

The majority of our sample had lower SOR scores in the neu-
rotypical range and were not the main focus of the study.
However, to check our assumption that the high-dose B6 inter-
vention would only have measurable effects in the subgroup with
high SOR scores, we performed an additional analysis in this
group. This confirmed that there were no significant reductions
in SOR scores in this group, and the presence of a slight trend
towards a reduction was similar in the placebo, B6 and B12
groups, rather than selective to B6. Turning to the reduction of
PD scores by B6, this also was non-significant in all three experi-
mental conditions for the low PD group, although B6 specifically
did trend towards significance in this case. Analysis of the
remaining subscales of the SP-3D in participants with lower
scores also revealed no effects. Taken together with our main
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analysis, this suggests that the effects of high-dose B6 at the
behavioural and psychological level are more likely to be detect-
able in participants whose scores fall in the tails of the population
distribution.

Limitations

We have focused on the role of Vitamin-B6 as the crucial coen-
zyme for the conversion of glutamate to GABA by the enzyme
GAD because this is the most plausible mechanistic explanation
of our results. However, we did not measure GABA and glutamate
concentrations in the brain directly, and because it is well estab-
lished that Vitamin-B6 is a co-factor for over 100 metabolic reac-
tions, some of which affect neural activity, we cannot rule out
that effects on other metabolic pathways contributed to our results.
For example, several tryptophan-related metabolic pathways are
Vitamin-B6 dependent, including conversion of 5-HTP to seroto-
nin; due to this, Vitamin-B6 depletion has been used as a model of
serotonin deficiency in rats (Dakshinamurti et al., 1992). The syn-
thesis of the neurotransmitters, such as dopamine, norepinephrine,
histamine, and taurine, is B6-dependent (Kennedy, 2016; Rucker
et al., 2007).

It would have been informative to compare the scores on the
SP-3D subscales of the participants, we selected for analysis with
published norms for groups that are known to experience SOR
and other sensory-related problems, such as autism and ADHD.
This was not possible because we were unable to find published
norms for the self-completion version of the SP-3D questionnaire
we used. The most similar version of the scale for which norms
are available is completed by parents about their child, and it
contains a far greater number of questions because each one asks
about the presence of one highly specific example (Schoen et al.,
2016). Whereas, in the version with fewer items, we used each
question can be endorsed by the participant if one or more of a
list of examples is experienced. Because of these differences, the
psychometric properties of the two forms of the scale are not
comparable. Having said that, participants in our high SOR group
endorsed a minimum of 8/12 questions, which suggests that SOR
was a notable feature of their lived experience and outside the
neurotypical range.

The absolute levels of self-reported SUR, SC, dyspraxia
and SD in the subgroups of the full sample that we selected for
statistical analysis were not as high as the absolute levels of SOR
and PD reported by the participants in the subgroups selected
for those traits. Therefore, our data provided a stronger test of
Vitamin-B6 efficacy for SOR and PD than the other subscales of
the SP-3D.

We did not collect blood samples so could not quantify the
Vitamin-B6 status of participants. Therefore, we were not able to
verify that participants consistently took the tablets during the
supplementation period or that circulating levels of Vitamin-B6/12
increased. If the data we analysed included some participants
whose compliance was poor, then the effect sizes we report are
likely to be underestimated, which would not undermine our
main conclusions. Also because of this, we were unable to plot
the correlations between baseline Vitamin-B6 status and baseline
SOR, etc., or determine whether responding to the treatment was
related to moderate B6 deficiency at baseline.

Conclusion

We have shown that high-dose Vitamin-B6, an intervention that
increases GABA and reduces glutamate concentration in animal
models, reduces sensory hyperreactivity. To determine whether
high-dose Vitamin-B6 is beneficial in all cases of SOR, or only
when SOR occurs together with specific conditions, clinical tri-
als should be conducted. Given that the probable mechanism of
action-altering E-I neural balance — is likely to be beneficial in a
range of conditions, trials should include a broad range of out-
come measures in addition to SOR. Trials should be designed to
determine whether some individuals respond strongly to high-
dose B6 treatment and others do not, because there are reasons
to expect this. Firstly, it is possible that individuals whose diets
are moderately or severely B6-deficient will show larger treat-
ment effects. Secondly, those individuals whose ability to
metabolise inactive dietary forms of Vitamin-B6 to produce the
active form is reduced are particularly likely to benefit. For
example, there is evidence that this is the case in a subset of
autistic individuals (Audhya, 2004; Adams et al., 2011; Obara
et al., 2018), and there are also substantial individual differences
in Vitamin-B6 metabolism in the general population that could
result in some individuals being more responsive to high-dose
B6 than others (Hadstein and Vrolijk, 2021; Vrolijk et al., 2020).
Finally, it is important to note that we see the potential of this
intervention as being complimentary to a social-model approach
to neurodiversity (e.g., Woods, 2017), in which environments,
language and attitudes are modified.

Acknowledgements

The authors would like to thank Innopure (https://www.innopure.com/)
for donating Vitamin-B6 and Vitamin-B12 tablets. We would like to
thank Jordan Thompson, James Barrie, Aleksandra Vasileva, Holly
Adams, Lily Young and Ollie Smith for their role in data collection.

Data availability statement

Please contact the corresponding author for access to data files and statis-
tical analysis.

Declaration of conflicting interests

The author declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, authorship,
and/or publication of this article.

ORCID iD

David T Field https://orcid.org/0000-0003-4041-8404

References

Adams JB, Audhya T, McDonough-Means S, et al. (2011) Nutritional
and metabolic status of children with autism vs. neurotypical chil-
dren, and the association with autism severity. Nutr Metab 8: 34.

Ames BN, Elson-Schwab I and Silver EA (2002) High-dose vitamin ther-
apy stimulates variant enzymes with decreased coenzyme binding

affinity (increased km): Relevance to genetic disease and polymor-
phisms. Am J Clin Nutr 75: 616-658.


https://www.innopure.com/
https://orcid.org/0000-0003-4041-8404

Cracknell et al.

1155

Audhya T and McGinnis W (2004) International Meeting for Autism
Research (IMFAR). In Nutrient, Toxin and Enzyme Profile of Autistic
Children. Sacramento.

Barnett AG (2005) Regression to the mean: What it is and how to deal
with it. Int J Epidemiol 34: 215-220.

Ben-Sasson A, Gal E, Fluss R, et al. (2019) Update of a meta-analysis
of sensory symptoms in ASD: A new decade of research. J Autism
Develop Disord 49: 4974-4996.

Bijlenga D, Tjon-Ka-Jie JYM, Schuijers F, et al. (2017) Atypical sen-
sory profiles as core features of adult ADHD, irrespective of autistic
symptoms. Eur Psychiatry 43: 51-57.

Biria M, Banca P, Healy MP, et al. (2023) Cortical glutamate and GABA
are related to compulsive behavior in individuals with obsessive
compulsive disorder and healthy controls. Nat Commun 14: 3324.

Blais M, Amarantini D, Albaret J, et al. (2018) Atypical inter-hemispheric
communication correlates with altered motor inhibition during
learning of a new bimanual coordination pattern in developmental
coordination disorder. Develop Sci 21: €12563.

Budnick B and Braff DL (1992) Sensory gating deficits in schizophrenia:
New results. Am J Psychiatry 1: 489.

Canitano R and Palumbi R (2021) Excitation/inhibition modulators in
autism spectrum disorder: Current clinical research. Front Neurosci
15:753274.

Dakshinamurti K and Lal KK (1992) Pyridoxine deficiency: Animal
model for CNS serotonin and GABA depletion. In: Sharma SK (ed.)
Animal Models of Neurological Disease, II: Metabolic Encephalop-
athies and the Epilepsies. Essay. Totowa, NJ: Humana Press, Vol.
11, pp. 299-327.

Dunn W (1997) The impact of sensory processing abilities on the daily
lives of young children and their families: A conceptual model.
Infants Young Children 9: 23-35.

Engel-Yeger B, Muzio C, Rinosi G, et al. (2016) Extreme sensory pro-
cessing patterns and their relation with clinical conditions among
individuals with major affective disorders. Psychiatry Res 236:
112-118.

Field DT, Cracknell RO, Eastwood JR, et al. (2022) High-dose vitamin
B6 supplementation reduces anxiety and strengthens visual surround
suppression. Human Psychopharmacol Clin Exp 37: €2852.

Foss-Feig JH, Adkinson BD, Ji JL, et al. (2017) Searching for cross-diag-
nostic convergence: Neural mechanisms governing excitation and
inhibition balance in schizophrenia and autism spectrum disorders.
Biol Psychiatry 81: 848-861.

Gaetz W, Bloy L, Wang DJ, et al. (2014) GABA estimation in the brains
of children on the autism spectrum: Measurement precision and
regional cortical variation. Neurolmage 86: 1-9.

Galiana-Simal A, Vela-Romero M, Romero-Vela VM, et al. (2020)
Sensory processing disorder: Key points of a frequent alteration in
neurodevelopmental disorders. Cogent Med 7: 1736829.

Green SA, Hernandez L, Tottenham N, et al. (2015) Neurobiology of
sensory overresponsivity in youth with autism spectrum disorders.
JAMA Psychiatry 72: 778.

Green SA, Rudie JD, Colich NL, et al. (2013) Overreactive brain
responses to sensory stimuli in youth with autism spectrum disor-
ders. J Am Acad Child Adolesc Psychiatry 52: 1158-1172.

Hadtstein F and Vrolijk M (2021) Vitamin B-6-induced neuropathy:
Exploring the mechanisms of pyridoxine toxicity. Adv Nutr 12:
1911-1929.

He JL, Fuelscher I, Enticott PG, et al. (2018) Interhemispheric cortical
inhibition is reduced in young adults with developmental coordina-
tion disorder. Front Neurol 9: 179.

He JL, Oeltzschner G, Mikkelsen M, et al. (2021) Region-specific eleva-
tions of glutamate+ glutamine correlate with the sensory symptoms
of autism spectrum disorders. Trans! Psychiatry 11: 411.

Johansen-Berg H, Della-Maggiore V, Behrens TEJ, et al. (2007) Integrity
of white matter in the corpus callosum correlates with bimanual co-
ordination skills. Neurolmage 36: T16-T21.

Kennedy D (2016) B vitamins and the brain: Mechanisms, dose and effi-
cacy—A review. Nutrients 8: 68.

Kolodny T, Schallmo M, Gerdts J, et al. (2020) Concentrations of cortical
GABA and glutamate in young adults with autism spectrum disorder.
Autism Res 13: 1111-1129.

Lang UE, Puls I, Miiller DJ, et al. (2007) Molecular mechanisms of
schizophrenia. Cell Physiol Biochem 20: 687-702.

Larkin A, Karak S, Priya R, et al. (2010) Central synaptic mechanisms
underlie short-term olfactory habituation in Drosophila larvae. Learn
Memory 17: 645-653.

Lewin AB, Wu MS, Murphy TK, et al. (2015) Sensory over-responsivity
in pediatric obsessive compulsive disorder. J Psychopathol Behav
Assess 37: 134-143.

Li Y-J, Li Y-M and Xiang D-X (2018) Supplement intervention associ-
ated with nutritional deficiencies in autism spectrum disorders: A
systematic review. Eur J Nutr 57: 2571-2582.

Luscher B and Fuchs T (2015) GABAergic control of depression-related
brain states. Adv Pharmacol 73: 97-144.

MacLennan K, Roach L and Tavassoli T (2020) The relationship between
sensory reactivity differences and anxiety subtypes in autistic chil-
dren. Autism Res 13: 785-795.

MacLennan K, Rossow T and Tavassoli T (2021) The Relation-
ship between Sensory Reactivity, Intolerance of Uncertainty and
Anxiety Subtypes in Preschool-Age Autistic Children. https://doi.
org/10.31234/osf.io/ju2qb

Maes C, Cuypers K, Heise K-F, et al. (2021) GABA levels are differ-
entially associated with bimanual motor performance in older as
compared to young adults. NeuroImage 231: 117871.

Mamiya P, Arnett A and Stein M (2021) Precision medicine care in
ADHD: The case for neural excitation and inhibition. Brain Sci 11: 91.

Martin DL and Rimvall K (1993) Regulation of y-aminobutyric acid syn-
thesis in the brain. J Neurochem 60: 395-407.

Miller LJ, Schoen SA, Mulligan S, et al. (2017) Identification of sensory
processing and integration symptom clusters: A preliminary study.
Occup Ther Int 2017: 1-10.

Mulligan S, Schoen SA, Miller LJ, et al. (2019) The sensory processing
3-dimensions scale: Initial studies of reliability and item analyses.
Open J Occup Ther 7(1): 4.

Murza KA, Pavelko SL, Malani MD, et al. (2010) Vitamin B6-magne-
sium treatment for autism: The current status of the research. Magnes
Res 23: 115-117.

Obara T, Ishikuro M, Tamiya G, et al. (2018) Potential identification
of vitamin B6 responsiveness in autism spectrum disorder utilizing
phenotype variables and machine learning methods. Scient Rep 8:
14840.

Pearl TA, Dumkrieger G, Chong CD, et al. (2020) Sensory hypersensi-
tivity symptoms in migraine with vs without aura: results from the
American Registry for Migraine Research. Headache 60: 506-514.

Petroff OA (2002) Book review: GABA and glutamate in the human
brain. Neuroscient 8: 562-573.

Puts NAJ, Wodka EL, Harris AD, et al. (2016) Reduced GABA and
altered somatosensory function in children with autism spectrum
disorder. Autism Res 10: 608-619.

Puts NA, Wodka EL, Tommerdahl M, et al. (2014) Impaired tactile pro-
cessing in children with autism spectrum disorder. J Neurophysiol
111: 1803-1811.

Rosenberg A, Patterson JS and Angelaki DE (2015) A computational
perspective on autism. Proc Natl Acad Sci 112: 9158-9165.

Rossow T, MacLennan K and Tavassoli T (2021a) The predictive rela-
tionship between sensory reactivity and depressive symptoms in
young autistic children with few to no words. J Autism Dev Disord
26: 1-11.

Rossow T, Marco EJ, Gerdes M, et al. (2021b) The relationship between
sensory reactivity differences and mental health symptoms in chil-
dren with neurodevelopmental conditions and their neurotypical
peers. OBM Neurobiol. https://doi.org/10.31234/o0sf.io/m7pjh


https://doi.org/10.31234/osf.io/ju2qb
https://doi.org/10.31234/osf.io/ju2qb
https://doi.org/10.31234/osf.io/m7pjh

1156

Journal of Psychopharmacology 38(12)

Rubenstein JL and Merzenich MM (2003) Model of autism: Increased
ratio of excitation/inhibition in key neural systems. Genes Brain
Behav 2: 255-267.

Rucker RB, Zempleni J, Suttie JW, et al. (2007) Handbook of Vitamins,
4th edn. Boca Raton, FL: CRC Press.

Sapey-Triomphe L, Lamberton F, Sonié S, et al. (2019) Tactile hypersen-
sitivity and GABA concentration in the sensorimotor cortex of adults
with autism. Autism Res 12: 562-575.

Schaeffer MC, Cochary EF and Sadowski JA (1990) Subtle abnormali-
ties of gait detected early in vitamin B6 deficiency in aged and
weanling rats with hind leg gait analysis. J Am College Nutr 9:
120-127.

Schaumburg H, Kaplan J, Windebank A, et al. (1983) Sensory neuropa-
thy from pyridoxine abuse. N Engl J Med 309: 445-448.

Schoen SA, Miller LJ and Sullivan J (2016) The development and psy-
chometric properties of the Sensory Processing Scale Inventory: A
report measure of sensory modulation. J Intellect Develop Disab 42:
12-21.

Sharma SK, Bolster B and Dakshinamurti K (1994) Picrotoxin and pen-
tylene tetrazole induced seizure activity in pyridoxine-deficient rats.
J Neurol Sci 121: 1-9.

Smith AK, Wade AR, Penkman KE, et al. (2017) Dietary modula-
tion of cortical excitation and inhibition. J Psychopharmacol 31:
632-637.

Sohal VS and Rubenstein JL (2019) Excitation-inhibition balance as a
framework for investigating mechanisms in neuropsychiatric disor-
ders. Mol Psychiatry 24: 1248-1257.

Staley K (2015) Molecular mechanisms of epilepsy. Nat Neurosci 18:
367-372.

Tavassoli T, Bellesheim K, Siper PM, et al. (2016) Measuring sensory reac-
tivity in autism spectrum disorder: Application and simplification of

a clinician-administered sensory observation scale. J Autism Develop
Disord 46: 287-293.

Tavassoli T, Layton C, Levy T, et al. (2021) Sensory reactivity phe-
notype in Phelan-McDermid syndrome is distinct from idiopathic
ASD. Genes 12: 9717.

Van Campen JS, Jansen FE, Kleinrensink NJ, et al. (2015) Sensory mod-
ulation disorders in childhood epilepsy. J Neurodevelop Disord 7:
1-11.

Vecchia D and Pietrobon D (2012) Migraine: A disorder of brain excit-
atory—inhibitory balance? Trends Neurosci 35: 507-520.

Verhulst I, MacLennan K, Haffey A, et al. (2022) The perceived causal
relations between sensory reactivity differences and anxiety symp-
toms in autistic adults. Autism Adulthood 4: 183-192.

Vrolijk MF, Hageman GJ, van de Koppel S, et al. (2020) Inter-individual
differences in pharmacokinetics of vitamin B6: A possible explana-
tion of different sensitivity to its neuropathic effects. PharmaNutri-
tion 12: 100188.

Vrolijk MF, Opperhuizen A, Jansen EHJM, et al. (2017) The vitamin
B6 paradox: Supplementation with high concentrations of pyridox-
ine leads to decreased vitamin B6 function. Toxicol In Vitro 44:
206-212.

Walia V, Garg C and Garg M (2018) Anxiolytic-like effect of pyridoxine
in mice by elevated plus maze and light and dark box: Evidence for
the involvement of GABAergic and no-sgc-cgmp pathway. Pharma-
col Biochem Behav 173: 96-106.

Wood ET, Cummings KK, Jung J, et al. (2021) Sensory over-responsiv-
ity is related to GABAergic inhibition in thalamocortical circuits.
Transl Psychiatry 11: 39.

Woods R (2017) Exploring how the social model of disability can be
re-invigorated for autism: In response to Jonathan Levitt. Disab Soc
32: 1090-1095.



