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accompanies reduced sensitivity
to pressure at the sternum
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Copenhagen, Denmark, 6Translational Neuropsychiatry Unit, Aarhus University, Aarhus, Denmark

Background: The autonomic nervous system (ANS) maintains glucose

homeostasis. While higher than normal glucose levels stimulate the ANS

toward reduction, previous findings suggest an association between sensitivity

to, or pain from, pressure at the chest bone (pressure or pain sensitivity, PPS) and

activity of the ANS. A recent randomized controlled trial (RCT) of type 2 diabetes

(T2DM) suggested that addition of an experimental, non-pharmacological

intervention more e�ectively than conventional treatment lowered the levels of

both PPS and HbA1c.

Materials and analyses: We tested the null hypothesis that conventional treatment

(n = 60) would reveal no association between baseline HbA1c and normalization

of HbA1c in 6 months, related to change of PPS. We compared the changes of

HbA1c in PPS reverters who experienced a minimum reduction of 15 units of PPS

and in PPS non-reverters who experienced no reduction. Depending on the result,

we tested the association in a second group of participants with addition of the

experimental program (n = 52).

Results: In the conventional group, PPS reverters experienced normalization of

HbA1c that corrected the basal increase, thus disproving the null hypothesis.

With the addition of the experimental program, PPS reverters experienced similar

reduction. The reduction of HbA1c among reverters averaged 0.62 mmol/mol per

mmol/mol increase of baseline HbA1c (P < 0.0001 compared to non-reverters).

For baseline HbA1c ≥ 64 mmol/mol, reverters averaged 22% reduction of HbA1c

(P < 0.01).

Conclusion: In consecutive analyses of two di�erent populations of individuals

with T2DM, we demonstrated that the higher the baseline HbA1c, the greater

the reduction of HbA1c but only in individuals with a concomitant reduction

of sensitivity to PPS, suggesting a homeostatic e�ect of the autonomic nervous

system on glucose metabolism. As such, ANS function, measured as PPS, is

an objective measure of HbA1c homeostasis. This observation may be of great

clinical importance.
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FIGURE 2

Hypothesis testing. Intervention e�ect measured as the relation between changes in HbA1c after 6 months of intervention and baseline HbA1c, for

individuals randomized to active treatment group, including individuals who experienced a predefined minimum reduction of PPS ≥ 15 during the

intervention period (i.e., PPS reverters; N = 35), and individuals without this reduction (PPS non-reverters; N = 17). (A) PPS non-reverters. (B) PPS

reverters (between-group di�erence significant at P < 0.003). Regarding HbA1c change depicted on the y-axis, a positive value reflects a reduction in

HbA1c.

FIGURE 3

Combined groups. Intervention e�ect measured as the relation between changes in HbA1c after 6 months of intervention and baseline HbA1c with

experimental and conventional treatment group members pooled, including individuals with a predefined minimum reduction of PPS ≥ 15 at the end

of the intervention period (i.e., PPS reverters; N = 52), and individuals without this reduction (PPS non-reverters; N = 60). (A) shows PPS

non-reverters. (B) shows PPS reverters (between-group di�erence signifcant at P < 0.0001). Regarding HbA1c change depicted on the y-axis, a

positive value reflects a reduction in HbA1c.
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TABLE 2 Homeostasis e�ect on HbA1c measured at baseline and after 6 months of intervention, Group of PPS-reverters compared to group of

non-reverters, and for three groups of participants based on baseline HbA1c; Group A) HbA1c < 53 mmol/mol; Group B) 53 mmol/mol ≤ HbA1c < 64

mmol/mol; Group C) HbA1c ≥ 64 mmol/mol).

HbA1c: [mean (SD)]
mmol/mol

n Baseline Post treatment Between group P-value
(post-treatment)

Cohen’s e�ect
size

Group A: Baseline HbA1c < 53 mmol/mol

PPS reverters 28 47.4 (3.3) 46.3 (4.2) 0.1 0.6

PPS non-reverters 35 47.3 (3.3) 48.6 (6.5)

Group B: 64 mmol/mol > HbA1c ≥ 53 mmol/mol

PPS reverters 13 55.6 (2.2) 50.5 (5.4) 0.016 3.0

PPS non-reverters 17 56.2 (3.1) 56.4 (6.9)

Group C: HbA1c ≥ 64 mmol/mol

PPS reverters 11 73.2 (7.6) 58.6 (8.6) 0.01 14.6

PPS non-reverters 8 69.9 (4.2) 71.4 (10.2)

For explanation of Cohen’s effect size see Statistics. The data of this table are shown in Figure 3 as well.

FIGURE 4

Stratification of baseline HbA1c values into three groups. PPS reverter and PPS non-reverter analyses of HbA1c changes in units of mmol/mol.

Di�erences in mean HbAc1 as change after 6 months of intervention in units of mmol/mol for three levels of baseline HbA1c values. Reverters and

non-reverters represented by di�erent colors as shown. Regarding HbA1c change depicted on the y-axis, a positive value reflects a reduction in

HbA1c.

Combined conventional and
conventional-plus-experimental
interventions

For the combined groups of PPS non-reverters (n = 60),
we found no correlation between baseline HbA1c and change
in HbA1c during the 6 months of intervention with r =

−0.04 (P= 0.78). In contrast, for the combined groups of PPS
reverters (n= 52), the correlation coefficient reached r = +0.75
(P < 0.0001). The effect in PPS reverters, measured as the
average reduction of HbA1c, averaged −0.62 mmol/mol for every

mmol/mol of increase of baseline HbA1c (95% confidence limits
−0.46 to−0.77mmol/mol, between-group significance P< 0.0001)
as shown in Figures 3A, B.

Stratification by baseline HbA1c

Stratification according to baseline HbA1c values included
members of Group A (HbA1c < 53 mmol/mol), Group B (53
mmol/mol ≤ HbA1c < 64 mmol/mol), and Group C (HbA1c
≥ 64 mmol/mol). For PPS non-reverters, stratification revealed
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FIGURE 5

Percentage declines of HbA1c. PPS reverters vs. PPS non-reverters

by analysis of percentage HbA1c changes. Di�erences in mean

HbAc1 (mmol/mol before minus after 6 months of intervention) for

three sets of patients with a predefined incremental increase in

baseline HbA1c between sets.

unchangedHbA1c averages in all three groups (P for trend= 0.869)
as listed in Table 2 and shown in Figure 4. In contrast, for PPS
reverters, stratification revealed a significant trend toward greater
reduction of HbA1c in Group A through to Group C (P for trend<

0.0001). Among participants with baseline HbA1c≥ 64 mmol/mol,
the reduction of HbA1c averaged 22% (P = 0.01) (Cohen Effect
14.9) for PPS reverters compared to PPS non-reverters, as listed
in Table 2 and shown in Figures 4, 5. For groups A and B, the
corresponding reductions averaged 5 and 9.6%, respectively, as
shown in Figure 5.

Discussion

We commonly ascribe the concept of homeostasis to
Hippokrates who allegedly alluded to “The ability of living beings

to maintain their own stability as vis mediatrix, that is the existence

of agencies ready to operate correcting when the normal state of

the organism is unset” (Cannon, 1926). Claude Bernard introduced
a more precise concept of homeostasis, according to which the
internal environment of living organisms is more than a vehicle
for the delivery of nourishment to cells as “the fixity of the
“milieu interieur” which is the condition of free and independent
life” (Bernard, 1878-1879). W. B. Cannon suggested the term
“homeostasis” for the “coordinated physiological processes which
maintain most of the steady states in the organism” (Cannon,
1926) that serve as key functions of the autonomic nervous system
after Hans (Janos) Selye’s claim of an association with stress (Selye,
1971).

Main findings

The study showed that the higher the baseline of HbA1c
observed in T2DM, the greater the reduction of HbA1c discovered
after the 6 months of study, but only in individuals demonstrating
a concomitant reduction in sensitivity to painful pressure at the
sternum. We conclude that the return to homeostasis of glucose

levels in the circulation was associated with concomitant reductions
of the PPS measure. An underlying but still unknown mechanism
evidently linked the reduction of the PPS measure to HbA1c
normalization, as demonstrated by the comparison of reverters
to non-reverters. We obtained the proof of concept from the
analysis of the group of individuals only receiving conventional
anti-diabetic therapy, and subsequently from the analysis of the
group of individuals receiving a non-pharmacological treatment
in addition to the conventional therapy. We apply this therapy
to reduce PPS by a combination of daily home measurements of
PPS followed by reflection on daily life practices, daily cutaneous
sensory nerve stimulation, and ongoing professional surveillance
that leads to proactive contact with the participant if measurements
are missing or deviating. The HbA1c values declined by 22%
among reverters compared to non-reverters of the stratification
group C of participants with baseline HbA1c values greater than
64 mmol/mol, matched by a huge Cohen’s effect size of 14.6.
The comprehensive non-pharmacological intervention generally
used to treat diabetes with education and counseling among
other steps leads to reduction of HbA1c, especially for the
individuals with the highest baseline HbA1c values. The present
study adds to the understanding of these effects by showing
that we can expect a beneficial effect only when PPS values
undergo a simultaneous reduction. This is an important novel
observation. The finding suggests that reversal of ANS dysfunction
(ANSD), allegedly reflected in the reduction of elevated PPS values
relates to restored glucose homeostasis evidenced by normalization
of HbA1c. This reduction in HbA1c matches the results of
contemporary pharmaceutical treatment in T2DM.

Saito et al. (2015) previously established a link between ANSD
and insulin resistance, raising the possibility that insulin resistance
above a certain level is associated with ANSD as cause or effect
(Guemes and Georgiou, 2018; Lundqvist et al., 2019; Spallone,
2019) or mutual reinforcement (Lundqvist et al., 2019). If so,
reduction of HbA1c in the present study may be the result of
lowered insulin resistance (Park et al., 2015). Although we have
no direct measure of insulin resistance in the present study (Faber
et al., 2021), a previous examination of the intervention in healthy
office workers with elevated PPS values did reveal a trend toward
an association between reduction of elevated PPS measures and
reduction of HOMA-IR (Ballegaard et al., 2014).

The results of the present study in combination with findings
in healthy individuals suggest that elevated PPS measures may
reflect a disruption of plasma glucose homeostasis, potentially
reflecting increased insulin resistance. If so, it is likely that
non-pharmacological intervention into the mechanism underlying
elevated PPS measures may revert a disrupted glucose homeostasis
by lowering the degree of ANSD.

Contemporary strategic challenges of type
2 diabetes

Present approaches to treatment of T2DM include lifestyle
adjustments, and pharmaceutical treatment aimed at lowering
the elevated HbA1c levels, as well as risk factor elimination.
However, no therapy addresses an aspect of ANSD that may be

Frontiers inNeuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2023.1067098
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Faber et al. 10.3389/fnins.2023.1067098

the key to the understanding of T2DM and its complications
(Guemes and Georgiou, 2018; Arrigoni et al., 2019; Lundqvist
et al., 2019; Spallone, 2019). We found that reversion of elevated
PPS measures has links to improved glucose metabolism. The
present study supports this conceptual advance by specifically
testing the association between elevated PPS values and disrupted
glucose homeostasis, the latter restored by the procedure that
lowered the elevated PPS values. We consider this association
useful in the context of the current absence of other measures of
central autonomic function and approaches that reverse reduced
homeostatic functions.

Clinical perspectives

We accept the general claim that homeostasis is subject to
control by the ANS, but the underlying mechanisms vary according
to target. However, we hold that homeostasis generally is essential
to survival (Goldstein, 2019). The agreement raises the question
of the strength of the evidence, to which the answers vary. The
findings of three independent consecutive RCT suggest that PPS
measures relate to the ANS function system (Faber et al., 2021).
Recently we suggested that PPS measures may relate to the orexin
cell system of the lateral hypothalamus and as such reflects a central
cerebral regulation of ANS (Faber et al., 2021). In consecutive
and independent reports of RCT, reduction of elevated PPS values
reflected lowering of important health risk factors, assumed to
be under the control of ANS in the brain and to be of mutual
importance to individuals with IHD and T2DM. The risk factors
include depression (Faber et al., 2021), heart rate, blood pressure,
work of the heart, serum cholesterol (Ballegaard et al., 2014),
blood pressure response to tilt-table test (Faber et al., 2021), and
glycated hemoglobin (Faber et al., 2021). Elevated PPS measures
are prevalent among approximately 60% of individuals with T2DM,
whether controlled in general practice or in specialized hospital
clinics (Faber et al., 2021).

Strengths and limitations

Strengths
The claim of the null hypothesis that reduction of elevated

PPS measures would be expected to be unrelated to an association
between normalization of HbA1c and baseline HbA1c values
after 6 months of intervention has not previously been tested in
healthy volunteers or in individuals with T2DM. The conventional
intervention group was not a genuine control group as the subjects
of that group received no placebo treatment but did consist
of individuals informed by the researchers of the elevated PPS
measure that represent a signal of a potentially unhealthy state.
The information may have inspired attempts of self-regulation by
the members of the conventional intervention group that may
explain how approximately 25% of the recipients of conventional
intervention obtained a predefined minimum reduction of the
elevated PPS measure. However, the information more strongly
suggests that reductions of PPS are associated with decline of
HbA1c measures that are unrelated to specific causes of lowered
PPS values. We regard the possible risk of type 1 error as small. We

conducted two independent tests with the same results, i.e., that
PPS reverters experienced a homeostatic normalization that was
independent of randomization to conventional or conventional-
plus-experimental intervention. Nonetheless, the likelihood of PPS
reversion of members of the active experimental intervention
group exceeded the likelihood of reversion of members of the
conventional group by a factor of 5, although the significance of
this result is not evident.

Limitations
The intervention included repeated PPS measures at home,

together with cognitive reflection, sensory nerve stimulation,
and professional surveillance, but the design did not distinguish
between individual effects of these components. We know that
cognitive reflection on homemeasurements of HbA1c can improve
measures of glucose metabolism (Wada et al., 2020), as can
continuous professional surveillance by means of telemedicine
(Faruque et al., 2017). In addition, we know that cutaneous
sensory nerve stimulation has effects on central ANS mechanisms
(Ballegaard et al., 1993). Although the methods of sensory
stimulation are different, it is possible that the same afferent signals
reach the central ANS for different approaches to stimulation
of nervous and brain tissue. Neuronal stimulations include vagal
or sacral nerve stimulations (Kupers et al., 2006; Lundby et al.,
2011; Landau et al., 2015), spinal cord stimulation (Tesfaye et al.,
2010; Richner et al., 2019), and non-noxious cutaneous sensory
nerve stimulation (Uvnäs-Moberg et al., 2014). Also, sensory nerve
stimulation is known to reduce pain and restore normal autonomic
function (Uvnäs-Moberg et al., 2014), to enhance cardiovascular
homeostasis (Ballegaard et al., 1993), to reduce diabetic neuropathy
(Tesfaye et al., 2010), and to reduce angina pectoris (Richner et al.,
2019), in relation to the well-known autonomic reflex regulation
of pain sensation (Arendt-Nielsen and Yarnitsky, 2009; Yam et al.,
2018). It is a possible limitation that we did not conduct specific
neuropsychological assessments at the time of testing. Instead,
we used questionnaires of same-day self-reported mood and
emotional, social, and mental functions (Faber et al., 2021), as listed
in Table 1. This revealed no significant between-group differences.

Conclusion

In consecutive analyses of two different populations of
individuals with T2DM, we demonstrated that the higher the
baseline HbA1c, the greater the reduction of HbA1c but only in
individuals with a concomitant reduction of sensitivity to PPS,
suggesting a homeostatic effect of the autonomic nervous system
on glucose metabolism. As such, ANS function, measured as PPS,
is an objective measure of HbA1c homeostasis. This observation
may be of great clinical importance.
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