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a b s t r a c t
Aims: We hypothesized that adults with type 1 diabetes and severe polyneuropathy have alterations in neuronal
transmission at different anatomical levels. The aims were to investigate upstream sensory neuronal activation in
terms of peripheral, spinal, precortical, and cortical transmission.
Methods: 48 participants with type-1 diabetes and polyneuropathy, and 21 age-matched healthy participants
were included. Electrophysiological median nerve recordings were used to analyze peripheral transmission at
Erb's point (P9-N11); spinal evoked potentials at Cv7 (P11-N14); subcortical evoked potentials at Oz (N14P18); early cortical evoked potentials at CP5 (N20-P22); late cortical evoked potentials at C1 (N60-P80) and estimated cortical inter-peak latencies as measures of central conduction time.
Results: In comparison to healthy, the presence of diabetes prolonged peripheral transmission at P9 and
N11 (+0.49 ms, p = .000; +0.47 ms, p = .04, respectively), early cortical evoked potentials at CP5: N20
(+2.41 ms, p = .003) and P22 (+5.88 ms, p = .001) and cortical potentials at C1: N60 (+39.08 ms, p = .001)
and P80 (+54.55 ms, p = .000) and central conduction time.
Decreased amplitudes were shown peripherally (−2.13 μV, p = .000), spinally (−0.57 μV, p = .005) and precortically (−0.22 μV, p = .004).
In both healthy and people with diabetes increased central conduction time were associated with decreased
parasympathetic tone (ρ = −0.52, p = .027; ρ = −0.35, p = .047, respectively).
Conclusion: Neuronal afferent transmission and brain responses were signiﬁcantly impaired in diabetes and the
presence of prolonged central conduction time is indicative of severe extensive neuronal damage.
Trial registry number: EUDRA CT: 2013-004375-12; clinicaltrials.gov: NCT02138045.
© 2020 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction
An increasing number of people is diagnosed with diabetes mellitus
and since treatment has improved, people have longer life-expectancy.
Consequently, the presence of diabetes induced macro- and microvascular complications are increasing globally, plausibly due to longer disease duration. Among the microvascular complication, polyneuropathy
☆ Declaration of competing interest: None.
⁎ Corresponding author at: Mech-Sense, Aalborg University Hospital, Medicinerhuset,
Mølleparkvej 4, 4. Floor, DK-9000 Aalborg, Denmark.
E-mail address: Christina.brock@rn.dk (C. Brock).

will affect up to 50% of adults with long-term type 1 diabetes. The pathogenesis is multifactorial and complex and includes vascular, metabolic,
immune mediated and inﬂammatory pathways.1,2 The clinical manifestations of diabetic symmetrical polyneuropathies (DSPN) include sensory and motor loss of the peripheral nerves to feet and hands,
causing painful or painless sensory disturbances.3 Classically these alterations are measured by nerve conduction studies, which conﬁrm large
ﬁber axonopathy. Autonomic nerves to viscera may also affected,4–6
and e.g. decreased parasympathetic tone to the heart may lead to arrhythmias and sudden death.7 In the central nervous system (CNS), alterations of brain responses occur at multiple levels and include
transmission alterations in the spinal cord, brainstem and higher cortical structures. Structural changes in the CNS can objectively be assessed
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by MRI that may show morphological alterations as reduced grey and
white matter volume, structural changes within nerve tracts and
changes in metabolic function.
The use of EEG and somatosensory evoked potentials (SEPs) are advanced methods to evaluate brain responses and the brain integrity
from peripheral stimulations.4,8,9 Compared to MRI, EEG has a better
temporal resolution, making it possible to investigate the stimulus speciﬁc exogenous response of the ascending sensory pathways.8 Furthermore, resting state EEG studies have supported diabetes induced
neuronal changes in the brain and the brain's sensory processing
capabilities.10 These changes can be interpreted as the net result of
many synchronous distorted neuronal processes including transduction, transmission, interneuronal communication, and perception. Median nerve stimulation is a reliable method for eliciting SEP's and the
upstream action potentials can be followed from the periphery to the
spinal cord, to the brainstem and ﬁnally to the cortex.11 The comprehensive technique provides detailed information on the diabetes induced neuronal alterations on the different level of the nervous
system, which is important in understanding the pathogenesis of diabetic neuropathies.
Previous pioneering studies have thoroughly investigated SEP's in
type 1 diabetes to characterize the somatosensory pathway from the
periphery to the CNS in diabetes.9,12 The studies concluded that the degree of dysfunction in the somatosensory afferent pathway depends on
the stage of peripheral neuropathy and can be characterized mainly by
alteration of the cortical sensory complex (reduced amplitude) and peripheral transmission delay. However, due to different patient cohorts,
previous hyperglycemic treatment regiments and neurophysiological
methods, the existing electrophysiological studies have shown contradictory results in characterizing the central conduction time assessed
as interpeak latencies of SEP's.9,12,13 Therefore, we aimed to provide a
contemporary characteristic of the afferent neuronal transmission (periphery to cortex) and central conduction in people with long-term
type 1 and severe polyneuropathy.
We hypothesize that adults with type 1 diabetes and veriﬁed DSPN
have extensive alterations of neuronal transmission evident at multiple
anatomical levels in comparison to age-matched healthy participants.
The aim of the current study was to compare the upstream sensory neuronal transmission in type 1 diabetes with DSPN and healthy participants, and speciﬁcally measure latencies and amplitudes to median
nerve stimulations 1) in the peripheral Erb's point, 2) at the Cv7
reﬂecting the spinal evoked potential, 3) at Oz representing the upstream precortical response and 4) at CP5 and C1 representing cortical
processing. Finally, 5) the associations between central conduction
time and 1) disease duration, age and height, 2) median nerve conduction velocity, median nerve action potential and, 3) parasympathetic
tone were investigated to study whether measures of axonopathy or autonomic involvement is associated to prolonged CNS transmission.

among volunteers from North Jutland and were age-matched to the patient group. Inclusion criteria were age above 18 years, normal peripheral nerve conduction testing. Exclusion criteria included type 1 and
type 2 diabetes mellitus, neurological disorders and medication that
could alter neuronal function.
Ethical approval was granted by Region Nordjylland, Denmark
(N-20130077, N-20090008) and all participants gave written informed
consent prior to entry. The study was registered in public databases
(EUDRA CT (ref 2013-004375-12) and clinicaltrials.gov (ref
NCT02138045)) and performed in accordance with International Council for Harmonization Good Clinical Practice and the Declaration of Helsinki. The experiment was conducted between June 2014 and January
2018 at Aalborg University Hospital.
2.2. Systemic biochemistry
Routine clinical chemistry (HbA1c, cholesterol, and triglycerides)
were analyzed at the Department of Clinical Biochemistry, Aalborg University Hospital.
2.3. Peripheral neuronal assessment – peripheral nerve function
All participants underwent a standardized neurophysiological examination of the sensory and motor component of the median, ulnar,
sural, radial, tibial, and peroneal nerves, and results were evaluated by
a specialist neurophysiologist. In order to avoid the inﬂuence of skin
temperature on conduction velocities, warming measures were used
to ensure that the testing room did not allow skin temperature below
32 °C. For recording of the digital sensory nerve action potentials surface
electrode were used. Electrical stimulation was applied through surface
plastic bar electrodes.
2.4. Autonomic function

2. Subjects, materials and methods

Cardiac vagal tone was recorded in the morning between 09: 00 and
10: 00, with the participant in a comfortable seated position with their
legs supported. The participants refrained from nicotine and caffeine ingestion for 2 h prior to recordings being undertaken. Electrocardiographic electrodes (Ambu Blue Sensor P, Denmark) were positioned
in left and right subclavicular regions and cardiac apex. The ECG
was recorded using a commercially available biosignal acquisition
system (Neuroscope, Mediﬁt Instruments, Essex, UK).14 In brief, the
Neuroscope non-invasively measures brainstem parasympathetic efferent activity, known as cardiac vagal tone, in real time using inbuilt ‘voltage controlled oscillators’ which detect phase shifts in the beat-to-beat
RR interval in a process known as ‘phase-shift demodulation’.15 Cardiac
vagal tone is measured on a validated linear vagal scale, where 0 represents full atropinisation.16 Cardiac vagal tone has been demonstrated
both a sensitive and speciﬁc measure of vagal tone in diabetes which
is comparable to other heart rate variability indices.17

2.1. Study population

2.5. Experimental procedure - somatosensory evoked potentials

Forty-eight people with type 1 diabetes were recruited at the
Department of Endocrinology, Aalborg University Hospital, Denmark.
Potential eligible participants were pre-screened based on a recorded
vibration perception thresholds above 18 V. DSPN was veriﬁed by
nerve conduction tests, according to the Toronto criteria.2 Additional inclusion criteria were age above 18 years, a veriﬁed diagnosis of type 1
diabetes for a minimum of 2 years: HbA1c level N 48 mmol/mol
[≥6.5%], stable medication, body mass index N22, and written consent.
Exclusion criteria included type 2 diabetes mellitus, other neurological
disorders than DSPN, estimated glomerular ﬁltration rate b 60 ml/min/1.73 m2, calcitonin N25 ng/l, HbA1c level b 48 mmol/mol (b6.5%),
use of glucagon-like peptide-1 receptor agonists or dipeptidyl
peptidase-4 inhibitors. Twenty-one healthy participants were recruited

Data in this study are the baseline data in a clinical study investigating the neuroprotective properties of liraglutide, in a cohort of
people with type 1 diabetes and conﬁrmed peripheral neuropathy.18
The healthy participants were recruited for a single session as a comparative group. In this article, only experimental procedure relevant
to this study will be mentioned. Data presented originate from
peripheral, spinal, and cerebral neurophysiological recordings following electrical stimulation of the right median nerve. For both
groups, the experimental procedure and recording setup are identical and performed in the same lab. The participants were seated
comfortably in a supine position, with their eyes open during the entire recording. They were instructed to focus on a ﬁxed point on a
wall and try to minimize eye movement during stimulation. Please
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see supplementary section for detailed description of electrical stimulation, recording and data analysis.
2.6. Statistical analysis
Descriptive statistics are reported as mean ± standard deviation if
not otherwise stated, and differences were assessed by Students t-test
and Chi-squared tests for categorical variables. To compare latency
for the positive and negative component and peak to peak amplitude
between healthy participants and people with diabetes, analysis was
carried out using one-way multivariate analysis of variance, where
age and height were included as covariates. If signiﬁcant difference
was seen, post hoc analyses were carried out to elucidate which component (positive component, negative component, or peak to peak
amplitude) gave rise to the differences. The model was applied separately for each of the neurophysiological levels (Erb's point, Cv7, Oz,
CP5, C1 and inter-peak latency). Clinical correlation analyses were
assessed by Spearman's Rho and Bonferroni corrected for multiple
comparisons. p-Values b .05 indicate signiﬁcant differences. Analysis
was performed using Stata version 14.2 (StataCore LLC, College Station Texas, US).
3. Results
All participants concluded the study, detailed demographics are
shown in Table 1.
As expected, people with diabetes had higher heart rate and systolic blood pressure and accordingly assessment of the parasympathetic tone showed lower cardiac vagal tone reﬂecting diabetes
induced alterations of the autonomic nervous system. Twenty ﬁve
percent had retinopathy which is another sequela of microvascular
complication and none suffered from nephropathy as this was part
of the exclusion criteria.

3

Assessment of the conduction velocity of the median, sural, and peroneal nerves revealed inter-group differences, conﬁrming DSPN in participants with diabetes. The diagnose DSPN was based on clinical
examination and several abnormal neurophysiological measures in
order to rule out e.g. abnormal median nerve conduction caused by mechanical obstructions such as e.g. carpal tunnel syndrome. In the same
line, approximately 50% higher stimulus intensity was needed to elicit
a median nerve motor response in diabetes in comparison to healthy
(12.1 mA vs. 18.04 mA).

3.1. Evaluation of peripheral, spinal, and cerebral somatosensory evoked
potentials
EEG was successfully recorded in 46 participants with diabetes and
20 participants without diabetes. Due to signal quality all EEG component could not always be detected in all recordings. The data analysis
is therefore based on all the detected EEG components. Overall there
were consistent differences between the two groups in SEP's, measured
at multiple anatomical levels (Table 2).
In people with diabetes, post hoc analysis of peripheral transmission
(Erb's point) showed increased latencies at P9 (0.49 ms) and N11
(0.47 ms) as well as decreased peak to peak amplitude (−2.13 μV)
(Fig. 1 and Table 2). Post hoc analysis of the Cv7-spinal SEP's also
showed decreased amplitudes (−0.57 μV). This was again seen at the
Oz pre-cortical level (−0.22 μV).
Post hoc analysis of the early cortical processing assessed at CP5
showed increased latencies in people with diabetes at N20
(2.41 ms) and P22 (5.88 ms), but increased peak to peak amplitude
(2.5 μV). Finally, their late cortical processing also showed increased
latencies of the N60 (39.08 ms) and P80 (54.55 ms), with a decrease
in amplitude (−0.34 μV). Diabetes prolonged the central conduction
time measured between N14 and N60 by 74.4%, from 54.35 ms to
94.77 ms.

Table 1
Demography and clinical characteristics.

Age (range), years
Gender
Height, cm
Weight (range), kg
Body mass index, kg/m2
Disease duration, (range), years
Pulse rate, beats/min
Systolic BP (mmHg)
Diastolic BP (mmHg)
CVT
Cholesterol, total, mmol/l
Triglyceride, mmol/l
HDL, mmol/l
LDL, mmol/l
HbA1c, mmol/mol
HbA1c, %
Fasting glucose, mmol/l
Retinopathy, % of participants
Creatinine, urine
Albumin, urine
Median nerve stim. intensity, mA
Median nerve conduction velocity, sensory threshold, m/s
Median nerve amplitude, sensory threshold, mV
Median nerve conduction velocity, motor threshold, m/s
Median nerve amplitude, motor threshold, mV
Peroneal nerve conduction velocity, m/s
Peroneal nerve amplitude, mV
Sural nerve conduction velocity, m/s
Sural nerve amplitude, mV

Healthy

Type 1 diabetes

p-Value

51.3 (40–62)
6 female, 15 males
179.8 ± 9.0
87.3 (62–140)
26.9 ± 5.5
–
66 ± 7
129 ± 15
76 ± 11
4.33 (1.7; 1.89–8.1)
5.40 ± 0.85
1.16 ± 0.55
1.56 ± 0.43
3.30 ± 0.87
33.67 ± 3.37
5.3
5.5 ± 0.80
0%
11,019.52 ± 7809
0.0083 ± 0.006
12.1 ± 5.65
54.7 ± 4.5
26.6 ± 11.1
55.4 ± 2.5
9.1 ± 1.7
45.7 ± 2.9
3.7 ± 1.5
49.7 ± 6.1
6.6 ± 3.2

50.0 (33–71)
9 female, 39 males
178.4 ± 8.6
90.0 (63–132)
28.5 ± 4.9
32.2 ± 9.5 (14–51)
73.9 ± 10.5
149.9 ± 16
82.3 ± 10.9
3.0 (1.9; 0.63–6.9)
4.49 ± 0.80
1.01 ± 0.64
1.56 ± 0.54
2.48 ± 0.56
65.96 ± 10.45
8.1 ± 1
12.28 ± 5.36
25%
10,905.15 ± 5400
0.074 ± 0.18
18.04 ± 6.93
43.2 ± 7.2
13.4 ± 8.0
49.7 ± 4.9
8.2 ± 2.2
37.3 ± 5.4
1.8 ± 1.3
42.5 ± 5.8
3.6 ± 2.3

0.53
0.48
0.55
0.56
0.30
0.001
0.007
0.33
0.01
0.000
0.35
0.97
0.000
0.000
0.000
0.013
0.94
0.10
0.001
0.000
0.000
0.000
0.09
0.000
0.000
0.000
0.000

Data are expressed and mean and SD unless otherwise stated. p-Values b .05 indicate signiﬁcant differences. BP: blood pressure; CVT: cardiac vagal tone; HDL: high density lipoprotein;
LDL: low-density lipoprotein (LDL).
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Table 2
Assessment of evoked potentials at ﬁve different points following median nerve stimulation.
Electrode
Erb's point (peripheral processing)
P9 latency, ms
N11 latency, ms
P2P amplitude, μV
Cv7 (spinal processing)
P11 latency, ms
N14 latency, ms
P2P amplitude, μV
Oz (precordical processing)
N14 latency, ms
P18 latency, ms
P2P amplitude, μV
CP5 (early cortical processing)
N20 latency, ms
P22 latency, ms
P2P amplitude, μV
C1 (late cortical processing)
N60 latency, ms
P80 latency, ms
P2P amplitude, μV
Oz-C1 (central conduction time)
N14–N60, ms

Healthy

N

Diabetes

20
9.45 ± 0.39
10.98 ± 0.53
4.40 ± 3.26

N

9.94 ± 0.69
11.45 ± 1.10
2.27 ± 1.81
18

11.31 ± 0.68
14.34 ± 0.97
1.68 ± 0.84

Difference

44

30

0.032

20

43
37
37
36

24.36 ± 3.17
37.28 ± 7.03
6.45 ± 3.08
20

1.35
0.08
−0.22

p = .090
p = .98
p = .004
0.000

2.41
5.88
2.50
46

109.43 ± 50.51
161.80 ± 64.74
2.49 ± 1.67
20

54.35 ± 7.18

p = .96
p = .16
p = .005
0.007

17.35 ± 3.37
19.43 ± 3.13
0.22 ± 0.25

70.35 ± 7.43
107.25 ± 20.98
2.83 ± 1.58

p = .000
p = .044
p = .000

0.02
−0.75
−0.57

20

21.95 ± 1.36
31.4 ± 3.68
3.95 ± 2.21

Post-hoc

0.000
0.49
0.47
−2.13

11.33 ± 1.70
13.59 ± 2.19
1.11 ± 0.64

16.00 ± 0.97
19.35 ± 1.87
0.44 ± 0.31

p-Value

p = .003
p = .001
p = .002
0.004

39.08
54.55
−0.34

p = .001
p = .000
p = .50

40.42

p = .001

43
94.77 ± 50.81

Data are expressed and mean and SD unless otherwise stated. p-Values b .05 indicate signiﬁcant differences One-way multivariate analysis of variance (MANOVA) with age and height as
covariates is used when comparing healthy controls and people with diabetes. Spearman and Bonferroni corrected.

Fig. 1. Graphical presentation of the evoked potentials recorded from different levels in the ascending pathway, following electrical stimulation of the median nerve. Average of all
participants with and without diabetes.
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Table 3
Assessment of correlation between central conduction time and clinically parameters.
Central conduction time and:

N

Age
Height
Disease duration
Median nerve conduction
velocity, motor threshold
Median nerve action potential,
motor threshold
Cardiac vagal tone

20 −0.12
20
0.14

Healthy p-Value N
0.62
0.56

20 −0.13
20

0.28

18 −0.52

Diabetes p-Value

0.60

43
0.03
43
0.23
43
0.02
43 −0.35

0.83
0.13
0.89
0.023

0.23

43

0.68

0.027

32 −0.35

0.07

0.047

Correlations are assessed by Spearman's Rho and corrected by Bonferroni for multiple
comparisons. p-Values b .05 indicate signiﬁcant association.

3.2. Associations between central conduction time and age, height, disease
duration, median nerve conduction velocity, median nerve amplitude and
parasympathetic tone
There were no signiﬁcant correlations between central conduction
time and age, height, disease duration or median nerve action potential
for none of the two groups. In diabetes increased central conduction
time was correlated to decreased median nerve conduction velocity
(Table 3). Increased central conduction time was correlated to decreased parasympathetic tone (CVT) in both healthy and participants
with diabetes.
4. Discussion
We have demonstrated that in diabetes and conﬁrmed DSPN, the
extensive neuronal changes are manifest as decreased conduction velocities and amplitudes of action potentials at peripheral and central
levels. The neuronal transmission was prolonged as the nerve signal
travels up through the system and passes an increasing number of synapses, which is reﬂected in the central conduction time. The ﬁndings
conﬁrm that neuronal transmission is altered at different anatomical
levels of the upstream activation, conﬁrming de-myelinisation, axonal
loss, altered central processing and delayed inter-neuronal communication. Finally, associations between increased central conduction time
and diminished parasympathetic tone indicate extensive neuronal
pathophysiological processes which may progress in parallel.
4.1. Diabetes induced changes at the peripheral level
Nerve conduction studies have classically been used to objectively
detect peripheral nerve dysfunctions and have the advantage to e.g.
MRI studies, that they assess the functional capacity of the large myelinated peripheral nerves, and thereby serve as a proxy for the severity of
DSPN. In the present study, DSPN was diagnosed by assessing motor
and sensory nerves of the upper and lower extremities conducted by
trained neurophysiologists and our measures of nerve transmission at
Erb's point conﬁrmed the diagnosis. However, we did not ﬁnd an association between median nerve conduction velocity and latencies of
SEPs. The median nerve conduction velocity from the clinical neurophysiological investigation is based on electrodes situated proximal to
the wrist and distal to the elbow (approximate distance 200 mm). In
contrast the conduction velocity (latency) from the evoked potentials
calculated from the stimulation point of the median nerve to the Erb's
point travel across joint near structures at the elbow and shoulder. Consequently, the two measures support each other, but are not directly
comparable. It is established that in response to long-term hyperglycemic exposure both myelin sheaths and the axons itself are affected by
changes to the neuronal microenvironment.19,20 Therefore, the decreased nerve conduction velocity and prolonged latency in the sensory
median nerve, serves as a proxy of the health of axons and myelin
sheath. Consequently, reduced conduction velocity can arise from
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degeneration of myelin sheath as well as axonal loss or dysfunction.21,22
Concomitantly the evidence of reduced amplitudes in the evoked
potentials and measurements of the diminished action potential amplitude in peripheral nerves is indicative of axonal atrophy.23 In conclusion, these ﬁndings are in accordance with characteristic evidence in
diabetic polyneuropathy.22,24,25
4.2. Diabetes induced changes at the spinal and cerebral levels
As the signal travels up-stream through the spinal cord (Cv7), the
subcortical level (Oz), and the cortical level (CP5 and C1) an increasing
number of synapses and inter-neuronal communications are involved.
Hence, group differences at these points are considered the net effect
of changes in nerve integrity, synaptic transmission, and cortical processing. Indeed, the prolongation of the central conduction time in diabetes indicates extensive alterations of the central response and it can
be speculated that the delayed synaptic transmission contributes proportionally more than reduced conduction velocity to the ﬁnal latencies
of SEP's. In addition, the amplitude of speciﬁc electrodes represents
central synchronicity of the ﬁring pattern in a number of neurons the
so-called central processing of the afferent signal. Furthermore, the amplitudes of the SEPs at spinal, subcortical and late cortical assessment
points were consistently reduced indicating extensive axonopathy.
The stimulus intensity to evoke motoric twitch of the thumb, was
approximately 50% larger in people with diabetes and consequently
the observed decreased amplitudes may be under estimated. However,
a reduced amplitude could also be an effect of increased latency jitter26
and therefore we cannot rule out that this contributes to the reduction
in amplitudes. Interestingly, at the early cortical level the amplitude
was increased, which hypothetically could be interpreted as hyperexcitability of the thalamus. In addition, the different effect on measured amplitudes at the different cerebral positions could also represent changes
in involved pathways, involved networks and integrity of the cortical
processing.27–29
Our ﬁndings are supported by other studies. A previous study in type
2 diabetes, also showed prolongation of latencies and reduced amplitude to electrical median nerve stimulation, indicating a shared pathogenesis of neuropathy in type 1 and type 2 diabetes.13
Nakamura et al.12 investigated neuropathy in a mixed cohort of
type 1 and 2 diabetes with an average disease duration of approximately 8 years, which supports our ﬁndings of increased latency
after median nerve stimulation Furthermore, Ziegler et al.9 conducted pioneering work where neuropathy in type 1 diabetes was
thoroughly investigated and reported increased latency and reduced
amplitudes in peripheral, spinal and cortical SEP's following tibial
nerve stimulation. However, in contrast to the present study previously studies have not reported alterations in central conduction
time.9,13 Taken together, these studies conclude consistently that
the conduction abnormalities in diabetes involves central as well as
peripheral somatosensory pathways.13 Therefore, our study expands
the generalizability of their ﬁndings, to also include people with long
term (32 years) type 1 diabetes, who have received stable hyperglycemic medication including fast and long acting insulin with dosing
adjustment according to contemporary regimens, minimizing hypo
and hyperglycemic induced neurotoxicity.
Central and peripheral changes of the diabetic neuropathy have
been shown by use of different neurophysiological and imaging
techniques.30–32 Studies on resting state EEG have shown altered spontaneous brain oscillations and cortical processing10 and other EEG studies in people with diabetes have shown altered cerebral processing with
functional reorganization.27–29 EEG changes has previously been observed in people with type 1 diabetes and visceral neuropathy, which
steadily have shown increased latency and decreased amplitude of
sensory evoked brain potentials following electrical esophageal
stimulation.5 Consequently, these studies support the present ﬁndings.
In addition, in people with diabetes and upper gastrointestinal
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symptoms plasticity within the insula and cingula region of the brain,
were involved in symptom generation and maintenance.4 Furthermore,
the involved brain networks encoding the visceral sensation was
altered.28 Finally, in support of our ﬁndings which emphasizes extensive
multilevel neuronal damage, a study showed association between
peripheral nerve conduction deﬁciencies and acquired cognitive
impairment.34
4.3. Associations between central conduction time and parasympathetic
tone
The study showed an association between prolonged central conduction time and diminished parasympathetic tone, indicating that
the pathophysiology leading to neuropathy may be shared in autonomic
and central neuropathies. Cardiac vagal tone represents the modulatory
efferent vagal nerve originating from the brainstem and inﬂuencing the
heart. The concomitant presence of abnormal response in the brain and
brainstem may represent shared pathophysiological genesis, however
since the data is cross sectional it does not allow for a causative interpretation. The association was present in both controls and people with diabetes, indicating that CVT may serve as a proxy of the general integrity
of the nervous system, and not only when extensive neuronal alterations are present.
4.4. Methodological considerations and limitations
Firstly, glycemic variability is a risk factor for diabetic
polyneuropathy35 and hypo- and hyperglycemic exposure are known
to be neurotoxic.36 Studies have shown that long-term optimal glycemic
control in type 1 diabetes was associated with near-normal nerve
function.37,38
In the present study, recording of the number of hyper- and hypoglycemic was limited to the preceding 48 h and glycemic control was
only measured by HbA1C, reﬂecting preceding month's glycemic ﬂuctuations and therefore future studies will be improved by assessing continuous glucose monitoring. Secondly, as blood glucose directly
inﬂuences the neuronal function, it cannot be ruled out that the
normoglycemia in participants without diabetes will overestimate the
impact of hyperglycemia on nerve function, as the difference in glucose
level could have affected not only the nerve conduction – but also the
processing in the brain – however results are ambiguous.39,40 Thirdly,
median nerve conduction velocity is only part of the Toronto criteria
used to verify DSPN. The clinical diagnose is based on measurements
from sensory and motor nerves from upper and lower extremities,
and consequently recordings from the median nerve does not necessarily have to be abnormal in these patients even though they were diagnosed with DSPN. From the demographics it is evident, that extensive
neuronal changes were present in diabetes.
However, a composite severity score as suggested by Dyck et al.,41,42
may have been used to assess the severity of neuropathy. Such score has
previously shown association to severity of peripheral and central neuronal changes.9 Fourthly, a comparative group of matched participants
with type 1 diabetes but without DSPN or a group of people with the
presence of neuropathy for other reasons than diabetes, would have
strengthened the study and the present ﬁndings do not allow to conclude whether the results of this study are due to peripheral neuropathy
alone or neuropathy caused by diabetes. Fifthly, the presence of carpal
tunnel syndrome is higher in diabetes and is known to affect nerve
transmission passing the carpus. However, to limit this inﬂuence the
present nerve conduction velocity of the median nerve was assessed
from wrist to elbow, minimizing this effect. Finally, the majority of people with diabetes are pre-disposed to co-morbidities and may therefore
receive other medication. However, medication which could inﬂuence
nerve-function was part of the exclusion criteria. Interestingly, our
data show that people with diabetes are in tight control of hypercholesterolemia (statins) in accordance with treatment guidelines and

consequently had lower levels of cholesterol, which are reﬂected in
their reference values range. (normal value: healthy b5.0; diabetics
b4.0).
5. Conclusion
This study provides evidence of changes in the ascending sensory
pathway from the periphery and spinal cord to the cortical response
in long term type 1 diabetes mellitus and conﬁrmed DSPN. Extensive
neuronal impairment manifest as decreased conduction velocities,
decreased amplitudes, decreased central conduction time indicate
impaired inter-neuronal communication. Furthermore, decreased parasympathetic tone was associated with prolonged central conduction
time. These ﬁndings conﬁrm that diabetes induces neuronal impairment at multiple anatomical levels– involving peripheral, autonomic
and central nerves.
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